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32 Basic Construction 
of Electrical Machines 


32-1 Parts of an Electrical Machine and 
Their Functions 


In an electrical machine, energy is converted within a space 
taken up by an electromagnetic field. The parts that serve 
to establish and confine the field may be called active (or 
electrical) as they directly contribute to energy conversion. 
These are the cores, conductors (coils), and air gaps. 

In addition, there are parts which do not contribute to 
energy conversion directly, but are essential to the operation 
of a machine. They may be called structural (or mechanical) 
parts. Among other things, they 

(a) hold the stator and rotor in their designated relative 
position and ensure (or limit) the desired degrees of freedom; 

(b) transfer electric energy between the cores and coils, 
on the one hand, and external lines, on the other; 

(c) transfer mechanical energy between the prime mover 
and the driven machine; 

(d) provide cooling; 

(e) insulate the coil turns from one another, from mecha- 
nical parts, and from the cores electrically; 

(f) protect the cores and coils against exposure to external 
factors (moisture, harmful gases or fumes, and the like) and 
prevent ingress of foreign objects inside the machine; 

(g) ensure safety to attending personnel by limiting (or 
preventing) access to and contact with rotating or live 
parts; 

(h) facilitate the installation of a machine at its perma- 
nent locatign. 
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The typical parts of an electrical machine are illustrated 
in Fig. 32-1 which shows a salient-pole synchronous machine. 
The arrangement shown will be found in most electrical 
machines in general. 

The active parts are stator winding J, rotor winding 7, 
Stator core 2, and rotor core which consists of poles 3 and 
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Fig. 32-1 General arrangement of an electrical machine 


yoke 78. In the arrangement shown, the magnetic field in 
the poles and yoke of the rotor is constant in magnitude and 
direction. This implies that these parts are not subject to 
cyclic magnetization, so they may be fabricated of solid 
(one piece) steel forgings. 

In the stator core, the magnetic field varies periodically at 
the supply frequency. To minimize hysteresis and eddy- 
current losses (see Sec. 34-3), it is built up of insulated 
electrical-sheet steel Jaminations 2 clamped together by 
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clamps 50, pressure blocks 4, and keys 5 inserted in annular 
recesses in frame 46. 

The tangential electromagnetic forces acting on the stator 
are mainly applied to the stator teeth (see Sec. 29-3). These 
forces are, in the final analysis, transmitted to and absorbed 
by the foundation. Their path is from the stator teeth and 
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yoke, through keys 51, frame 48, frame feet 19, anchor bolts 
25, baseplate 24, to foundation 20. (The electromagne- 
tic forces and the forces transmitting external torque via 
fixed parts are shown by arrows 53 and 54, respectively, in 
Fig. 32-1). 

Appreciable electromagnetic forces (especially during 
transients) are acting on the coil conductors as well. 
To counteract them, the active conductors are anchored 
to slots by wedges 49, whereas the coil ends (over- 
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hangs) are held in place by tape or clamps. 

The tangential electromagnetic forces acting on the rotor 
are mainly applied to the pole-shoes. On the shaft acted 
upon by the external torque that balances the torque due to 
the tangential electromagnetic forces, the poles are held 
by a combination of dovetail joint 23, rotor yoke 78, and 
key 16. 

Axially, the rotor parts are additionally locked by straps 
26 that prevent the poles from moving in the dovetail 
joints, and also annular key 75. The rotor is held in its 
designated position and permitted to rotate relative to the 
stator by axial and radial bearings. The radial bearings in 
the design shown in Fig. 32-1 are of the roller type, 
13 and 29, held in end shields 6 and 46 by caps 14 
and 72. 

The weight of the rotor is transmitted to the foundation 
via end shields 6 and 46, and frame 48 to which the end 
shields are fastened by means of flanges. To the rotor weight 
is added the weight of the stator (the respective forces are 
shown in Fig. 32-1 by arrows 22). 

The flow of electromagnetic power, Pem, across the air 
gap separating the cores is shown by arrow 41. For the adopt- 
ed sense of rotor rotation, &, the directions of torques, forces, 
and energy fluxes are those existing in the generator mode 
of operation. 

Mechanical power, Py (the direction of its flow is shown 
by arrow 4/), is transmitted from the associated prime mover 
to the rotor via a chain of mechanically strained rotating 
parts. Starting at half-coupling 9, the mechanical power is 
transmitted via key 10, through shaft 17 and key 16 to the 
rotor, whence it is directed to rotor yoke 18, dovetail joint 
23, and poles 3 which are acted upon by the bulk of the 
electromagnetic forces (see Sec. 29-3) shown in the cross- 
sectional view by arrows 593. 

Electric power is conveyed from the stator coils laid in 
stator slots by leads 47 to terminals 44 and cables 40. 

To the rotor coils, electric power is conveyed over cables, 
via conducting segments 30, pig-tails 88, brushes 37 which 
are free to move in brush-holders 36, slip-rings 32, slip- 
ring leads 33, and leads 27 passing through an opening in 
the shaft. Segments 30 are attached over insulating parts to 
rocker-arm 39; the slip-rings are press-fitted on sleeve 34 
insulated by cylinder 35. 
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The total power losses, SP, are dissipated in the machine 
as heat which is abstracted by cooling air flowing in the 
direction shown by arrows 52. The static pressure required 
to circulate cooling air is produced by axial-flow fan 42. 
Air enters the machine by openings in end shield 46, is 
directed by baffles 43, scooped by the fan and, on passing 
through ventilating ducts in the cores, is expelled from the 
machine through openings in end shield 6 and louvres 8. 
Many of the baffles, ducts and enclosures (8, 45, 31, and 11) 
serve a two-fold function in the machine: they prevent 
ingress of foreign objects and water drops and also keep 
attending personnel from direct contact with the rotating 
and bare live parts. 

As a further safety measure, the frame of the machine 
must reliably be grounded. To this end, it has grounding 
bolt 27. This will prevent an electric shock upon contact 
with the machine, should its insulation be damaged. 

To facilitate installation at its permanent location, the 
machine is fitted with lifting lugs or eyes (at 55 in Fig. 32-1). 

As already noted, the arrangement illustrated in Fig. 32-4 
is basically common to all rotating electrical machines. 
Whatever variations there may be, they will mainly concern 
the core shape and the winding circuits. (Various designs 
and types will be examined in separate sections and chap- 
ters.) 

The arrangement and size of the active and mechanical 
parts vary with the form of cooling used (see Chap. 37), 
the type of enclosure adopted, the type of shaft, and some 
other features (see Chap. 33). 


32-2 General Requirements for the Construction 
of Electrical Machines 


The active and mechanical parts of a machine must be 
designed, detailed and manufactured so as to meet the re- 
quirements of relevant standards, and so that the machine 
could perform its designated function adequately. 
Among other things, appropriate standards or codes re- 
quire that a machine should reliably operate under nominal 
service conditions. In the Soviet Union, the limiting service 
conditions are taken to be an ambient temperature of +-40°C 
and an altitude of not over 1 000 m above sea level. Also, 
a machine should remain fully serviceable under conditions 
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of overcurrents, overvoltages, excessive rpms, and starting 
currents, voltages and electromagnetic torque (in the case 
of motors) to the extent likewise specified in applicable 
standards or codes. 

The choice of materials and dimensions for the active and 
mechanical components is decided upon and checked at the 
time of electromagnetic design and analysis, insulation 
design, stress-strain analysis (Chap. 34), hydraulic design 
(Chap. 36), and thermal analysis (Chap. 35). The turn insula- 
tion must be designed to withstand the interturn voltage, 
and the ground insulation must be able to stand up to the 
voltage between the conductors and the grounded core. 

The type and form of insulation (insulating and impreg- 
nating materials, clearances, radii of curvature and bends, 
and the like) must he chosen such that the electric field 
strength in the insulation at the highest operating voltage 
will not exceed the safe limit and the insulation will retain 
its electrical strength for a long time. The insulation must 
also be checked and tested for its ability to withstand re- 
peated application of atmospheric and switching surges. The 
electric strength and insulation resistance of a machine 
should be checked at the time of testing the ground and turn 
insulation [13]. The insulation is required to pass these 
tests without any damage or impairment in quality. 

The winding insulation must have ample mechanical 
strength so as to withstand all kinds of mechanical forces 
during erection and in service (static, impact, vibrational, 
etc.). The requirements for the mechanical strength of 
insulation are not very stringent, because the electromagne- 
tic forces transferred from the conductors to the slot sides in 
a tangential direction are insignificant (see Sec. 29-3). The 
prevailing factor is the pulsational forces arising from 
the interaction of currents with the leakage field, which drive 
the conductors against the slot bottom. 

The maximum temperature at which a given type of insula- 
tion retains its electrical and mechanical strength and dura- 
bility (the ability to preserve its properties for a period of 
15 to 30 years without noticeable changes) serves as a basis 
for dividing all insulating materials into several classes, 
such as listed in Table 32-1. In more detail, this matter is 
discussed in [43]. 

The insulation classes listed in Table 32-1 are as follows. 

Class A. Cotton, silk, paper, and similar organic materials 
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Table 32-1 Temperature Limits and Insulation Classes 
ee ee 
Insulation class 
Temperature, °C 





A | E | B F | H 
Temperature limit for insula- 
tion 105 120 130 | 155 | 180 
Safe operating temperature for 
winding 100 115 120 | 140 | 165 


when either impregnated or immersed in a liquid dielectric. 

Class E. Some synthetic films. 

Class B. Materials or combinations of materials such as 
mica, asbestos, glass fibre, etc., with suitable organic bon- 
ding, impregnating or coating substances. 

Class F. Materials or combinations of materials such as 
mica, asbestos, glass fibre, etc., with suitable synthetic 
bonding, impregnating or coating substances. 

Class H. Materials such as silicone elastomer and combi- 
nations of materials such as mica, asbestos, glass fibre, etc., 
with suitable bonding, impregnating or coating substances 
such as appropriate silicone resins. 

In designing an electrical machine, it is customary to use 
standard insulation arrangements, each adapted to a particu- 
lar voltage level, rather than to do analysis and design work 
each time. 


* 33 Construction Types 
of Electrical Machines* 


33-1 Type and Direction of Mounting. 
Type of Shaft 


The tables that follow apply to the classifications for Soviet- 
made machines. Similar classifications are in use in the 
CMEA countries. 





* Asin Volume One, the material marked with a starlet is optional, 
2—0240 
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The most commonly used designs of electrical machines as 
regards type and direction of mounting, and type of shaft 
are illustrated in Fig. 33-1. 
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Fig. 33-1 Various forms of mounting, shaft position, and bearing 
design for electrical machines 
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33-2 Types of Enclosure 


Quite a number of machine designs exist, using different 
degrees of enclosure and protection to the operating parts 
and windings. The most commonly encountered standard 
types are defined below. 

4. An open machine is one having ventilating openings 

which permit passage of external cooling air over and around 
the windings of the machine. 
_.2. A guarded machine is an open machine in which all 
openings giving direct access to live or rotating parts are 
limited in size by the design of the structural parts or by 
screens, grills, expanded metal, and the like, so as to pre- 
vent accidental contact with such parts and ingress of 
foreign objects. 
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Code de- 
signa- 
tion 


Table 33-1 Type and-Direction of Mounting 


Description 





IM4 
IM2 


IM3 
IM4 
IM5 
IM6 
IM7 
IM8& 


IM9 


Foot-mounted, end-shield type 

Foot-mounted, end-shield, with a flange on 
an end-shield(s) 

Flange-mounted, end-shield type, with a 
flange on one side 

Flange-mounted, end-shicld type, with a 
flange on the frame 

Non-bearing type 

End-shield, pedestal-bearing type 

Pedestal-bearing type (no end-shields) 

Vertical-shait type (other than in Groups 
IM1 to 1M4) 

Special-purpose machines 


3. A drip-proof machine is an open machine in which the 
ventilating openings are so constructed that drops of liquid 
or solid particles cannot enter the machine either directly 
or by striking and running along a horizontal or inwardly 
inclined surface of the machine. 

4. A splash-proof machine is an open machine in which 
the ventilating openings are so constructed that splashes of 
liquid or solid particles falling on the machine or coming 
towards it in a straight line cannot enter the machine either 
directly or by striking and running along a surface of the 


machine. 


Code de- 
signa- 
tion 


NQOopwnwre©& 
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Table 33-2 Type of Shaft 


Description 


No shaft extension 

One cylindrical shaft extension 

Two cylindrical shaft extensions 

One tapered shaft extension 

Two tapered shaft extensions 

One flanged shaft extension 

Two flanged shaft extensions 

Flanged shaft extension on the drive end, 
and a cylindrical shaft extension on the 
opposite side 

All other shaft arrangements 
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Fig. 33-2 Ventilation and cooling systems used on electrical machines: 


1— machine being cooled; 2—external-fan motor: 3—hot air (gas) pipe conduit; 
4—cold-air (gas) pipe conduit; 5—water-cooled heat-exchanger 
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5. A water-proof machine is a totally enclosed machine so 
constructed that it will exclude water applied in the form of 
a stream from a hose, and also solid particles and foreign 
objects. 

6. A sea-proof machine is a totally enclosed machine so 
constructed that, when installed on the deck of a sea-going 
vessel, it will exclude water in the form of waves, and also 
prevent contact with running or live parts, ingress of foreign 
objects, and deposit of conducting or abrasive dust. 

7. A short-time submersible machine is a totally enclos- 
ed machine which permits a short stay underwater. 

8. A long-time submersible machine is a totally enclosed 
machine so constructed that it can be held underwater for 
an unlimited span of time. 

9. An explosion-proof machine is a totally enclosed 
machine whose enclosure is designed and constructed so as 
not to cause the ignition or explosion of an ambient atmos- 
phere of the specific dust and also not to cause the ignition 
of the dust on or around the machine. 

10. A weather-protected machine is an open machine or 
a totally enclosed machine designed for service at elevated 
relative humidity. 

44. A frost-proof machine is a totally enclosed machine 
designed and constructed so as to be able to operate with 
hoar-frost forming on the enclosure. 

42. A chemical-proof machine is a totally enclosed ma- 
chine designed and constructed so as to be able to operate 
in the presence of chemically active substances. 

18. A tropicalized machine is a machine capable of opera- 
ting under conditions of likely fungous growth. 


33-3 Cooling Arrangements 


Any one of several cooling arrangements can be used in 
electrical machines. For example, they may or may not use 
a fan (or a blower) to supply cooling. In the latter case, they 
are classed as naturally air-cooled. In them, cooling air is 
made to circulate by the rotating parts of the machine and 
by convection. This form of cooling is ordinarily limited to 
open machines. 

Another major class includes forced-cooled machines. 

Forced-cooled machines may further be subdivided into 
self-ventilated, if a fan is mounted on the shaft inside the 
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machine (which is usually the case with guarded and totally 
enclosed machines, Fig. 33-2a, d, and g), and separately 
ventilated, if the fan is driven by a separate motor (which is 
usually the case with totally enclosed machines, Fig. 33-2e 
and f). 

Another distinction with forced-cooled machines is the 
manner in which the coolant is applied. Some of them have 
a blower (Fig. 33-2a) that forces cooling air over the machine 
often fitted with fins to give a larger cooling area. This 
form of cooling is applied to enclosed machines. In others 
(Fig. 33-2b, d and g), mostly enclosed or guarded, cooling is 
accomplished by forcing air through ducts so that it blows 
over the hot parts (coils and cores) and is discharged into 
the almosphere. 

In medium-rated enclosed machines using blowers and 
intended for operation in a dusl-laden air, it is usual to add 
a built-in fan for better air circulation inside the machine 
and for better heat transport from the hotter to the colder 
parts (cooled by a blower). 

In self-ventilated machines, the cooling air may he 
caused to flow axially (as in Fig. 33-2c), radially (as in 
Fig. 33-26), or both axially and radially (as in Fig. 33-2d). 

The cooling system may be either open-circuit or closed- 
circuit. Open-circuit ventilation is ordinarily used in guard- 
ed or partially enclosed machines, with the coolant scooped 
or drawn in from inside or outside the hall or room where the 
machine is installed, and the outgoing coolant is either 
discharged inside the room or carried outside, as the case 
may be. 

For small- and medium-rated machines installed in spa- 
cious rooms with a clean atmosphere, the coolant may be both 
drawn in from and expelled into the room, as in Fig. 33-26 
and d. 

For enclosed machines installed in rooms with a polluted 
atmosphere, cooling air is scooped from the outside and guid- 
ed by a pipe or pipes into the machine from which the hot 
air is expelled outside likewise by a pipe or pipes (pipe- 
ventilated machines, as in Fig. 33-2g). 

For large machines, it is preferable to scoop cooling air 
from the rooms where they are installed, and to discharge 
the foul air by a pipe outside so as to avoid heating the 
atmosphere indoors. If a large machine (such as a water- 
wheel turboalternator) is installed in a locality with a clean 
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atmosphere, the best scheme is when cooling air is drawn in 
from and discharged into the atmosphere so as to avoid both 
excessive heating and high-velocity air currents indoors 
(see Fig. 33-2e). 

Closed-circuit ventilation is preferable for large machines 
of the totally enclosed type. After the ventilating medium 
(air or, frequently, hydrogen), held at a constant volume, 
has been heated by circulating through the various parts of 
the machine, it is cooled by passing it through a fin-tube 
cooler in which cooling water is circulated (as in Fig. 33-2/). 
Sometimes, the cooler may be built into the machine. 

The coolant may be air, hydrogen, oil, or water. Some- 
times, a combination of several coolants may be used in the 
same machine (say, hydrogen to cool the rotor and oil to 
cool the stator of a turboalternator). In some cases, cooling 
is provided by causing a coolant to evaporate. Quite aptly, 
this is referred to as evaporative cooling. 

The windings of a machine may likewise be cooled in any 
one of several ways. For example, the coolant may or may 
not come in direct contact with the conductors. This res- 
pectively is direct and indirect cooling. In the case of direct 
cooling, machines ordinarily have ventilating ducts to guide 
the coolant as appropriate. The ducts take the form of thin- 
walled, nonmagnetic conduits given a thin layer of insulation 
and built into the windings. Such an arrangement is employ- 
ed in heavy-duty, large-power machines, such as large- 
size steam-turbine and water-wheel alternators, and super- 
heavy squirrel-cage induction motors (see Sec. 62-1). 


33-4 Noise Level (Quietness) Classification 


According to the noise level (D in decibels) they produce 
when running, all electrical machines in the USSR are 
divided into the following classes: 

— noiseless machines with D < 35 dB on scale A; 

—_— eur machines with D ranging between 35 and 

— normal machines with D ranging from 55 to 75 dB. 

The noise produced by an electrical machine comes from 
several sources, namely: 

(4) Windage noise due to the turbulent coolant flow pro- 
duced by the rotor and fan. 
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(2) Humming produced by the vibrating stator and rotor 
under the action of electromagnetic forces. 

(3) Mechanical noise coming from the vibration of the 
bearings, baseplate, and other structural parts. 

The noise level is found by the following equation 


D = 10 logyo (Z/Io) = 20 logis (p/Po) 


where J = noise intensity 
P = sound pressure 
I, = 10-” Wm-~? = noise intensity corresponding to 
the threshold of sensitivity of 
the human ear 
Po = 2 X 10° Pa = sound pressure corresponding to 
the threshold of sensitivity of 
the human ear 


33-5 Some of the Soviet Standards Covering 
Electrical Machines 


The objectives of the standards covering commercially 
available electrical machines in the USSR are to make the 
machines interchangeable as regards mounting dimensions, 
lead and terminal designation, power ratings, voltage ratings, 
and speed ratings. 

Mounting dimensions are covered by USSR State Stan- 
dards GOST 12126-71, GOST 8592-71, GOST 13267-7383, GOST 
12080-66, and GOST 12081-72. 

Lead and terminal designations are given in GOST 183-74. 

Power ratings up to 10 MW are subject to GOST 12139-74. 
Speed ratings are given in GOST 10683-73. 

The principal requirements to be complied with by elec- 
trical machines of any type and design are given in the Soviet 
standards listed below. 

GOST 183-74. Electrical machines. General requirements. 

GOST 12139-74. Electrical machines. Power ratings up 
to 10 MW. 

GOST 10683-73. Electrical machines. Speed ratings and 
tolerances. 

GOST 12126-71. Electrical machines, low-power. Mount- 
ing dimensions. Mounting arrangements. 

GOST 8592-71. Electrical machines. Tolerances on mount- 
ing dimensions. 
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GOST 12327-66. Electrical machines. Residual rotor dis- 
balance. Limits and methods of measurements. 

GOST 13267-73. Electrical machines and direct-coupled 
nonelectrical machines. Axial heights and dimensions. 

GOST 2479-65. Electrical machines. Enclosures and 
type designations. 

GOST 4541-70. Electrical machines. Designations---Over- 
all and mounting dimensions. 

GOST 12080-66. Shaft extensions, cylindrical. 

GOST 12081-72. Shaft extensions, tapered. 

GOST 16372-70. Electrical machines, rotating. Noise 
level limits. 

CMEA ST 169-75. Electrical machines. Forms, terms and 
definitions. 


34 Mechanical Design 
of Electrical Machines 


34-1 Parts Transmitting Mechanical 
Power 


An electrical machine must be designed so that all of its 
members have ample mechanical strength and rigidity to 
carry all likely forces within the specified limits of defor- 
mation. 

The elements are checked for strength and rigidity as 
a part of the mechanical analysis and design of a machine, 
which reduces to determining the stresses and strains that 
may be induced by the various forces and moments (mechanic- 
al and electromagnetic). 

To begin with, consider the mechanical analysis of the 
members transmitting mechanical power. 

In the generating mode of operation, input mechanical 
power is conveyed to the conversion assembly where it is 
turned into electric power (see Fig. 32-1) by a chain of 
elements which include a half-coupling (9), the shaft (17), 
the rotor yoke (78), and the poles (8). 

Let us take a closer look at how mechanical power is 
transmitted along the shaft of the machine. In a steady 
state, the shaft is acted upon by mutually balancing tor- 
ques, namely an external torque, 7'.x4 (arrows 53 in the figure) 
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applied to the right-hand side and directed in the sense of 
rotation, and an electromagnetic torque, Tem (arrows 54) 
transmitted via the rotor yoke and directed in the opposite 

“ sense. An enlarged shaft de- 
tail at section J-J is shown 
in Fig. 34-1. 

The two torques stress thie 
shaft. The part of the shaft 
to the left of section J-J trans- 
mits the torque to the right- 
hand part of the shaft by 
virtue of the tangential stres- 
ses ty induced in the elements 
dS of that section. The stres- 
ses are proportional to the 
Fig. 34-1 Mechanical power distance R of the element 
transferred by a rotating shalt dS = (Rdy)dR from the shaft 

centre line and are a ma- 
ximum, Ty, at the outer surface of the shaft 





——s & 


Ty => TARR, 
The sum of the elementary torques 
UT em = R|t, dS | 


must be equal to the total electromagnetic torque 





20 Ro 
. 3 
LF tis — | df em = a \ dy \R dR = to| asi | 
Srey : 0 0 
Hence, the tangential stress at the outer surface of the shaft is 
T = Tem/(uR3/2) (34-4) 


where 1.3/2 is the moment of resistance in torsion. 

Under rated conditions, it should not exceed the limit set 
for the shaft material. In practice, it ranges from 40 to 
100 MPa according to service conditions and the grade of 
steel] used. 

The flow of mechanical power per unit area of a section 
passed through a rotating body (say, section J-I across the 
shaft) is given by the projection of the Umov vector on an 
outward normal to that surface, or mathematically 


Uy = —VyTy => 2PPRT em/nRy 
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where ty = tangential stress al a given surface element dS 
vy == RQ = tangential linear velocity of the surface 
element 

The total flow of mechanical power, P,,, through the sur- 
face S separating one part of the rotating body from the 
other is obtained by adding together the elementary power 
flows UpdS over the entire surface S. 

It is an easy matter to see that the tolal power flow through 
the shaft section is equal to the mechanical power, 7.,;%, 
transmitted along the shaft: 

2m Re 
Py = |UpdS = \ dy |U,REdR=T em 
s 0 


34-2. ~— Analysis of the Rotor Elements for 
Security of Attachment 


When a machine is running, the rolor elements (poles, core 
teeth, coils) are acted upon by radial centrifugal forces 


C = mRQ? (34-2) 


where m = mass of the element 
R = distance from the axis of rotation to the centroid 
@ = angular velocity of the rotor 
The joints of the rotor elements must be designed to resist 
without damage the centrifugal force induced at an clevated 
rotaLional speed, nz. In Eq. (84-2), 


Q = 2nn,/60 


Among other things, the cross-sectional area, bzl,, of a tooth 
where it joins the yoke (Fig. 34-2) must be chosen such that 
the tensile stress 
Ozg= Celbalz 

due to the centrifugal force Cz acting on and transmitted 
from the coil to the tooth could not exceed the safe limit. 
For solid teeth, this limit is half the yield strength of the 
material. 

The rotor yoke is acted upon by a centrifugal force due 
to the yoke itself 

C, = m,R,Q? 


and the sum of the centrifugal forces due to the teeth 
Cz = 2Cy = Zmyz RQ? 
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where m, = mass of the yoke 
mz = mass of a tooth 
R, = distance from the axis of roLation to the centroid 
of the yoke element 
R,z = distance from the axis of rotation to the 
centroid of a tooth 
Z = number of teeth on the rotor 
Let us isolate the rotor element shown by solid lines in 
Fig. 34-2 and consider the equilibrium equation for the cen- 
trifugal forces C, and ZC z uniformly distributed around the 





Fig. 34-2 Stresses in the rotor elements due to centrifugal forces 


periphery of the rotor, and also the tensile forces 20,hql, 
existing in the rotor part shown by dashed lines. The centri- 
fugal force acting on a yoke element within an angle dy is 
given by 

ear eee dy 
Its projection on the vertical axis is 


CatZc 
fat 2 cos 7 dy 

On combining the projections of elementary centrifugal 
forces within the top part of the rotor, we get 
+7/2 Ca+ZCz _ 
\ er ee ae dy = 20ghqlq 
CatZlz 


Oa mS 2thgla 
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It is seen from the above equation that the tensile force 
acting on the section hgl,, is 1/2n that of the total centrifu- 
gal force C, + ZCz. The tensile stress in the yoke, o,, ought 
not to exceed a prescribed limit (which is 0.7 to 0.9 of the 
yield strength). 


34-3 Shaft Analysis for the Effect of the 
Rotor Self-Weight and Magnetic 
Attraction 


Consider a machine with a horizontal shaft whose diameter 
is 2R, (Fig. 34-3). Suppose that the rotor is positioned mid- 
way between bearings spaced a distance J apart. Knowing 





Fig. 34-3 Sag of the shaft due to the self-weight and magnetic attrac- 
tion 


the weight of the rotor, G, we can find the sag of the shaft 
at midspan [7]: 
Yo = GIK (34-3) 


where K = 48EJ/i = shaft rigidity in bending 
E = 2.06 x 10% Pa = modulus of elasticity for steel shafts 
J = nRi/4 = equatorial moment of inertia of the 
shaft section 
The air gap of an excited machine contains a magnetic 
field, so that each element dS on the outer surface of the 
rotor is acted upon by a magnetic tensile force 7,,dS proporti- 
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nal to the specific magnetic tensile force (see Sec. 29-3) 
Ty = Bothy (34-4) 


where B = air-gap magnetic flux density at the rotor surface 
My = 40 xX 1077 H mm“! = permeability 

When the rotor is arranged concentrically with the stator 
and both are separated by a uniform air gap 6, the magnetic 
tensile forces applied at diametrically opposite points on 
the rotor balance one another (for a periodic field, the flux 
density at diametrically opposite points is the same). 

When the rotor is arranged eccentrically relative to the 
stator, so that its axis is displaced by a distance e, from 
that of the stator, and the air gap varies from 8ymax 
= 6+ e, to min = 6—e, (Fig. 34-3), the flux density at 
diametrically opposite points is different. The winding mmf 
waveform remains periodic as before, but the peak value of 
flux density is inversely proportional to the gap 

_ _ Fito 
Bmax = (5— ey) ke 


_ Fit 
Bmin= (6+ eq) ke 


The distribution of magnetic flux density in the air gap 
of an eight-pole machine is shown in Fig. 34-3 which also 
gives the specific magnetic tensile force Ty. 

As is seen, the specific magnetic tensile force acting on 
the lower half of the rotor exceeds that acting on the top 
half. When the two forces are combined, the rotor is acled 
upon by a radial force of magnetic attraction from one side 
only 


Ny = Keo (34-5) 
where K, = (1/2) (B3/2p,) (DL/6) = 3 x 105 (D1,/5) = spec- 
ific force of one-sided magnetic attraction 
at an average air gap flux density amplitude 
of about 0.7 T 
D = rotor diameter 


1, = design core length (axial gap length) 
6 = mean air gap 
In the worst case, when the rotor is displaced vertically 
downwards, the force of magnetic attraction, Ny, acts in 
the same direction as the rotor self-weight, G. The force of 
one-sided magnetic attraction tends to displace the rotor 
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still more downward, the eccentricity is increased, and so 
is the force of one-sided attraction. Finally, the force of one- 
sided attraction reaches a value 


N= K,(@& + Y) 
and the shaft sags by an amount y such that this force and 
the self-weight are balanced by the reaction of the deform- 
ed shaft, yK [see Eq. (34-3)] 
N+G=yK 
Ky, (@+y+G=yK 


Solving the above equation for the steady-state sag of the 
shaft, we get 
— KoeotG of, 
ieee er (34-6) 

The shaft must be proportioned so that it has a suffi- 
cient rigidity K, and its sag is not more than 10% of the 
air gap (y< 0.1 6). The initial eccentricity due to inaccu- 
racies in assembly and the wear of bearings is taken equal 
to 10% of the air gap. 

Also, the shaft must be analyzed for its abilily to resist 
the bending moment due to N = K, (@) + y) and G. The 
stress induced in the shaft by this moment is 


_ (N+6)1 
C= IW (34-7) 
where W, = 13/4 is the equatorial moment of resistance. 

As the shaft rotates, this stress varies cyclically at the speed 
of the shaft. Therefore, the limit stress must be adopted with 
allowance for fatigue effects and ought not to exceed 80 x 
x 10° Pa for high-carbon steel (which is about half the 
fatigue strength in tension). 

In the design and analysis of the shaft, it is important to 
determine what is called the critical angular velocity of the 
shaft, Q,. It is the same as the angular frequency of trans- 
verse (bending) vibration of the shaft, and it is the frequen- 
cy at which resonance takes place. 

The natural frequency of transverse vibration of the shaft 
increases with increasing stiffness, K, and decreases with 
increasing mass of the rotor, m. An increase in the one- 
sided magnetic attraction brings down this frequency. As is 
shown in [7], the natural frequency of transverse vibration 
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of the shaft is a function of the sag under the self-weight of 
the shaft and magnetic attraction* 


This frequency is the same as the rotational frequency cor- 
responding to the critical angular velocity 


Q, = anf. = V gly (34-8) 


The resonant vibrations that occur at this frequency may be 
prohibitively large in amplitude. Therefore, the shaft stiff- 
ness, K, must be chosen such that the critical rotational 
frequency differs from the rated one by at least 30%. 

In more detail, the mechanical analysis and design of 
electrical machines is discussed in [39, 40]. 


35 Thermal Analysis 
of the Cooling System 


35-1 Basic Arrangement of the Cooling 
System in an Electrical Machine 


Energy conversion by an electrical machine inevitably in- 
volves the loss of some power dissipated as heat in the 
coils, cores, and structural parts. To avoid overheating and 
damage to the machine, this heat must be abstracted and 
discarded outside the machine. This purpose is served by 
a cooling system and a cooling agent (which may be a gas or 
a liquid) which is made to circulate through the system 
continuously. 

Ordinarily, the cooling system of an electrical machine 
consists of ducts inside the machine to guide the coolant, 
and a fan or pump to build up thestatic pressure necessary 
to circulate the coolant. Closed-circuit cooling systems use 
a constant quantity of coolant which, on being heated, is 
made to pass through a cooler where it gives up its heat to, 
say, water, and this discards the heat to the surroundings. 

A typical arrangement of a cooling system is shown in 
Fig. 35-1. A cold gas (mostly air) at inlet temperature 0, 
enters the machine at the left end, flows axially in the air 


* This equation applies to both horizontal and vertical machines. 
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gap between the stator and rotor, and ventilating ducts 6. 
Inside the machine, the coolant bathes the hot parts (the 
conductors in windings / and 2, and cores 8 and 4), is gradual- 
ly raised in temperature by the heat it absorbs from the hot 
parts (the heat flows are shown by arrows 8, 9, 10, etc.). 
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Fig. 35-1 Cooling system of an electrical machine: 


i1—stator winding conductor; 2—rotor winding conductor; 3—stator core; 4— 
rotor core, 5—fan to force cooling air (gas) through machine; 6—ventilating 
ducts; 7—stator and rotor winding ground insulation; 8—copper losses dissipat- 
ed as heat (unfilled arrows); 9—core losses dissipated as heat (filled arrows) 
10—friction and windage losses (cross-hatched arrows): 1J—losses with expelle 

cooling gas; Q—flow rate of cooling gas; 6, and ©,—-inlet and outlet temperatu 
res of cooling gas; 0,,,, Owe qi: 8o,—temperatures of the stator and rotor win- 


dings and of the stator androtor cores; u—speed and direction of flow of cooling 
gas 


The heating of the coolant on its passage through the cool- 
ing system may be expressed in terms of the flow rate of the 
coolant, Q, and its specific heat capacity per unit volume, c, 


@, — 0, = d)Pile,Q 


where >)P; is the total mean heat abstracted by the coolant. 
The specific heat capacities per unit volume and densities 
of the most frequently used coolants are listed in Table 35-1. 


Table 35-1 Specific Heat Capacities per Unit Volume 
and Densities of Some Coolants 


Coolant Cys J/(m38 °C) y, kg m-3 
Air (0°C, 105 Pa) 1.1108 1.29 
Hydrogen (0°C, 105 Pa) 1.1108 0.0898 
Water (15°C) 4.14X 10° 999 


Transformer oil (15°C) 1.54X 10° 850 


38—0240 
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The static pressure required to circulate the coolant is 
built up by fan 5 which miay be mounted on the shaft of 
the miachine. In a steady state, the teniperatures (Oy;,; 
Owe, 9c, and O,, in Fig. 35-1) of the hot parts are so high 
above that of the coolant that all of the heat dissipated in 
them is transferred to the coolant and withdrawn from the 
machine. 

The temperatures of the hot machine parts (coils and cores) 
are found by the thermal analysis of the machine. 


ye 35-2 Transfer of Heat from a Hot Body fo 
the Surroundings 


The thermal analysis of an electrical machine is based on 
the laws of thermodynamics. 

Let the temperature of a given body be 9, and that of the 
coolant, @,. Then the temperature rise of the body will be 


A® = 0—@, 


Experiments have shown that the time rate of heat flow 
(that is, the quantity of thermal energy transferred from 
a body to the medium per unit time) is proportional to the 
temperature rise of the body and inversely proportional to 
the thermal resistance R (°C/W) between the body and the 


coolant 
P, = AO/R (35-1) 


If heat is transferred by conduction through the wall 
enclosing the body (which may be a solid, a liquid, or a gas), 
then the thermal resistance of the wall is given by 


R, = 6/Sr (35-2) 


where 4 = thermal conductivity of the wall material 
S = surface area of the wall through which the heat 
flow is transported 
6 = wall thickness in the direction of the heat flow. 
The thermal resistance of a multilayer wall is found as the 
sum of the thermal resistances of the individual layers 


R, =. Ray + Ris + one 6,/S Aq + 6,/S Ao + eee 


The thermal resistance of the wall ranges between broad 
limits, depending on the thermal conductivity of its material. 
Referring to Table 35-2, it is seen that the thermal conduc- 
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Table 35-2 Thermal Conductivity of Some Materials 


—_—_—_— Re _ 


Material 











4, Wm-1°C-1 Material . Wm-1°c-l 
See eee eee ee 


Asbestos | 0.2 


er 385 

finial 200 Electric-grade 
Electrical-sheet pressboard 0.17 

steel (along la- Glass 0.44 

minations) 20-45 Slot insulation 
Electrical-sheet (class B) 0.16 

steel, varnished Transformer oil 0.12-0.17 

(across lamina- Thin film of stag- 

tions) 4.2-1.5 nant air 0.025 
Mica 0.36 Thin film of stag- 

nant hydrogen 0.017 





tivity of metals is substantially higher than that of insulat- 
ing materials .The value of thermal conductivity is especi- 
ally low for thin sheets of stagnant gases. 

The thermal resistance to the transfer of heat from the 
wall of a hot body to a coolant fluid 

R, = 1/a,S (35-3) 
is inversely proportional to the coefficient of heat transfer a, 
and the area S of the cooling surface. 

The coefficient of heat transfer a, depends on the density 
and viscosity of the coolant, the velocity u of the medium 
and the pattern of flow in the passage adjacent to the wall. 

For liquids, the coefficient of heat transfer is substantial- 
ly higher than it is for gases. As the velocity of the coolant 
is raised, the coefficient increases, the increase being espe- 
cially noticeable when a laminar flow gives way to a tur- 
bulent flow. 

For use in tentative thermal analysis and design, the 
coefficient of heat transfer for air-cooled electrical machines 
may be taken as given by 

a =a(itkVu) (85-4) 
where @ is the coefficient of heat transfer by radiation and 
convection in a quiet air (u = 0), in W m-* °C, which 
varies with the properties of the surface being cooled. For 
varnished surfaces, it ranges between 12 and 16 W m~ °C, 
whereas for bare metal surfaces it is anywhere between 8 and 
14 W m-? °C-1. The velocity of air, u, is taken in m s~, 
3% 
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The blowing rate factor k varies with the geometry of 
the surface being cooled, the efficiency of blowing, etc. For 
electrical machines, it usually equals 0.8. 

When the coolant is hydrogen rather than air, the coeffi- 
cient of heat transfer can be raised by a factor of 1.35. 
When the coolant is distilled water, it increases 30 to 60 
times. 

The overall thermal resistance to heat transfer between 
a hot body and a coolant is the sum of the thermal resis- 
tance of the wall, R,, and the thermal resistance between 
the wall and the coolant, R,: 


R=R,4+ Ry (35-5) 


yx 35-3 Heating and Cooling of a Solid 


From a thermodynamic point of view, an electrical machine 
is a complex combination of solids and sources of heat. For 
proper insight into what happens in a machine, we shall 
mewo first take a closer look at the 


Yj My heating of a homogeneous solid 
ONG 
GED 







specimen which dissipates an 
| amount of heat equal to P. 
Vv 






Ke 
Ko 
KO 
KO 
* 












If we assume that the ther- 
mal conductivity of the speci- 
men is infinitely large (A,= 
= oo), then all points on its 
surface will be at the same 
temperature and have the same 
temperature rise, AO = 0 — 
— 0,= 0. (For simplicity, we 
assume that the coolant has 
a zero temperature, 0, = 0.) 
Fig. 35-2 Heating of a solid Consider the heat balance 

around the specimen (Fig.35-2). 
The heat energy generated in the specimen over a time dt 
and equal to Pdé is partly accumulated in the specimen as 
its temperature rises by d@, and partly transferred to the 
coolant against a thermal resistance 


R=R,+ Ry = 8/Si + 1/a,8 


If the specimen has a mass m and a specific heat capacity c 
(see Table 35-3), then it will take an amount of heat equal to 
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Table 35-3 Specific Heat Capacity of Some Materials 
Sas Na 








Matcrial | c, J kg-1 °C-1 Material ce, J kg-1 °C-1 
A ee 
Copper 390 Asbestos 840 
Aluminium 240 Transformer 
Steel 480 oil 1750 
Micanite 925 Glass 850 


mc d@ in order to raise its temperature by d@. If the tempe- 
rature of the specimen rises above that of the coolant, the 
amount of heat transferred to the coolant over a time dt 


will be given by 
P,dt = (0/R) dt 


On writing the equation of conservation of energy, we obtain 
a differential equation describing the heating of the spe- 


cimen 
Pdt = me d® + (0/R) dt (35-6) 


To begin with, let us find the steady-state temperature 
rise, © = @., at which all of the heat dissipated in the 
specimen is transferred against the resistance R and there 
is no further rise in its temperature, dO = 0. (Theoretically, 
this temperature can be attained over a very long time, 

= oo.) Under such conditions, we obtain from Eq. (35-6) 

Ox. = PR (35-7) 


This implies that the steady-state temperature rise increas- 
es with an increase in power loss and with a decrease in 
heat transfer (that is, with an increase in the thermal resist- 
ance R). 

Multiplying both sides of Eq. (35-6) by R and using 
Eq. (85-7), we get 

0.dt = TdO0 + Odi (35-8) 


T = mcR = mc®./P (35-9) 


has the units of time 
kg (J/kg °C) x (°C/W) = s 


and is called the time constant of heating. It increases in 
yalue with an increase in the heat capacity, me, of the specj- 


Here 
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men and with an increase in R. In Eq. (35-9), the numerator 
mc®.o. is the heat stored by the specimen as it rises in tem- 
perature towards @.. Therefore, the time constant 7 may, 
in accord with Eq. (385-9), be construed as the time during 
which the specimen might have reached the steady-state 
value @.0, if all of the heat dissipated, P, had been spent to 
heat the specimen, and no heat had been transferred to the 
coolant. 

Now, let us see how a solid specimen is being heated. 
Suppose that at ¢ = 0 its initial temperature rise is O = @. 
On dividing the variables in Eq. (35-8) and rewriting it as 


dt/T = d0/(O~ — 9) 
we obtain, upon integration, 
ti//T = —In (0. — 9) + K (35-40) 
On recalling the initial condition 


0 = 0, at t= 0 
we get 
K = In (Ox — 9)) 


On substituting K in Eq. (35-10), we obtain an expression 
for the temperature rise as a function of time 


@ = @. (1 — eT) + Ojet/T (35-41) 


Consider two important cases. Figure 35-3a gives a plot 
of © as a function of time for 0, = 0, when the equation of 
heating has the form 


@ = Ow (1 — et/7) 


Figure 35-3) shows the cooling curve for a specimen which 
dissipates no heat, P = 0 and @.~ = 0, and in which the 
temperature rise at t = 0 is 0 = ©,. Now, the equation of 
cooling has the form 


@ = O,euT 


It is seen from Eq. (35-11) that in the general case the 
temperature rise is the sum of two terms one of which con- 
tains 0, and the other, @,. If the heat dissipated in a spe- 
cimen is such that 0. > Oy, the specimen will rise in 
temperature (Fig. 35-3c). If 0. < Oy, it wil] fall in tempera- 
ture (Fig. 35-3d). : ; 
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Analysis of temperature variations with time is essential 
for electrical machines intended for short-time and intermit- 
tent duties [13]. In the case of machines intended for long- 





(4) T ef  3T 
Fig. 35-3 Heating and cooling curves of a solid 


time duty, analysis may be limited to operation at steady- 
state temperatures. 


35-4 Steady-State Temperature Analysis 


This form of analysis uses a set of heat transfer equations 
similar to Eq. (85-7), written with allowance for the likely 
paths of heat flow from the hot parts to the coolant. 

In the analysis, the quantities assumed to be known in 
advance are the heat dissipated in the machine, the thermal 
resistances presented by the likely paths of heat transport, 
the flow rate of coolant, Q (see above), the velocity wu of the 
coolant around the parts being cooled, and the respective 
coefficients of heat transfer a,. The inlet temperature of the 
coolant must also be specified in advance. (For general- 
purpose machines [13], it is set at 40°C.) 

A convenient way to determine steady-state temperatures 
is to set up a thermal resistance network. It is composed of the 
heat sources and thermal resistances through which heat is 
transported in a machine from hot parts to the coolant. 

A thermal resistance network is set up by analogy with 
electric networks and is described by Eq. (35-7) which is 
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analogous to Ohm’s voltage equation. More specifically, the 
thermal resistances are treated as the analogs of electrical 
resistances, the power of heat flows as the analogue of elec- 
tric current, and the steady-state temperature rise as the 
analogue of voltage. 

As an example, let us develop a thermal resistance network 
for the machine in Fig. 35-1 and find the steady-state tem- 
peratures of the coils and 
cores. The network appears in 
Fig. 35-4. The heat flows from 
the stator are plotted at the 
top, and the heat flows from 
the rotor, at the bottom. The 
thermal potential at the centre 
line ©, is equal to the average 
temperature of the coolant. 


i: pees a 2 _ @,4 SP ;/2cyQ 


2 
(35-12) 


The notation used in the net- 
work is as follows. Py, and P,, 
stand for the copper (winding) 
Fig. 35-4 Thermal analog cir- and core losses in the stator, 
cuit of an electrical machine P,, and P,. for the copper 
(winding) and core losses in the 
rotor, A, is the thermal resistance presented by the insula- 
tion between the stator winding and the stator core [see 
Eq. (35-2)], R, is the thermal resistance presented by the 
stator overhangs to the coolant, with allowance for the 
insulation resistance of the overhangs [see Eqs. (35-2), 
(35-3)], R, is the thermal resistance that the heat flow 
experiences in transfer from the stator teeth to the coolant 
in the direction of the air gap, A, is the thermal resistance 
that the heat flow experiences in transfer from the 
outer surface of the stator yoke to the coolant. R;, Rg, 
R,, and R, are the thermal resistances in the rotor 
which respectively correspond to R,, R,, R;, and R, in 
the stator. 
The temperature-rise equations are written in the same 
qaanner as the voltage equations for an electric network (the 
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temperature plays the part of electric potential): 
A®y1 = Ow: — Oo = RaP 2 
A®o, = 9e1 — 0, = Ry (Per + Pwi — Pe) (35-13) 
Ow: — 9e1 = A®w1 — A®e, = Ry (Pwi — P.) 
where Ry, = Ry ll; 
A®ws > Owe as 0, = RP 
A®c2 = Gea — Oo = Rag (Pox + Pwo — Po) (35-14) 
Ow. — Oce = AOws. — AO. = Rs (Pwe — Po) 


where R,, = R, || Rg. 

Equations (35-13) for the stator and Eqs. (35-14) for the 
rotor can be solved independently. For example, the tempe- 
rature rise of the stator winding is 


Rg4P R34) P 
AO y, = Aah Sul? R, (35-15) 


The temperature rise of the stator core is 


Ryt P RoPw 


The temperature of the stator winding is given by 
Oy1 = Oy + AOys = 0, + (QP i/2e.Q) + A@w (35-17) 
The temperature of the stator core is given by 
Ou. = 8, + AO. = 8, + (D)Pi/2c,Q) + AO, (35-18) 


For the rotor, similar temperature equations can be written. 


36 Hydraulic Analysis and Design 
of the Cooling System 


36-1 The Choice of a Coolant. Determination 
of Flow Rate 


As has been shown in the previous chapter, for proper func- 
tioning of the cooling system it is essential that the coolant 
be circulated at a sufficient rate and in a sufficient quantity. 
In other words, the total flow rate Q of the coolant and its 
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velocity in the ducts, u, must be such that the temperature 
rise of the cores and coils does not exceed the safe limit. 

The primary objective in hydraulic analysis and design 
of the cooling system is to find the static pressure / that will 
maintain the desired flow rate Q and velocity u of the coolant 
in the various parts of the system. Another objective is to 
determine the dimensions of the pressure elements of pumps 
(fans) that would give the desired circulation. 

The coolant and also the shape, position and size of the 
ducts in which it will travel are chosen according to the 
design of the machine. The choice is carried out so as to 
optimize the machine itself in terms of manufacturing costs 
and service life. For most machines, the best choice is 
indirect cooling for the windings, in which case the coils enclos- 
ed in ground insulation are bathed in the coolant coming 
in contact with their outer surface. 

With such an arrangement, the coolant isa gas nearly al- 
ways (mostly, air). In high-speed, high-power machines (rated 
at 25 MW and higher) and also in synchronous condensers, 
the coolant is hydrogen at atmospheric or a gauge pressure 
ofupto5 x 10° Pa. Very seldom, an indirectly cooled ma- 
chine may be filled with water, kerosene, or transformer oil. 

To prevent the ducts in a directly cooled machine from 
clogging, the coolant must be of an especially high purity. 
It is usually distilled water or highly refined transformer oil. 

Once the coolant has been selected, the next step is to 
determine its required flow rate. This is done from the 
known power losses, SIP: in the machine, the recommended 
temperature rise of the coolant as it travels round the hydrau- 
lic system (it usually ranges anywhere between 20 and 
30 degrees C), and its specific heat capacity per unit volume, c, 
(see Table 35-1): 

SN) p, 
— U 
C= FG) (ee) 
where ©, and 0, are the inlet and outlet temperatures of 
the coolant. 

The cooling ducts must be arranged so that all the parts 
capable of dissipating heat are bathed in an ample quan- 
tity of coolant and that the cooling surfaces have a suffi- 
cient area. To maintain the thermal resistances in a ma- 
chine at an acceptable level], the coolant must travel in the 
ducts at a sufficiently high velocity [see Eqs. (85-3) and 
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(35-4)]: 
ui = Qilqi (36-2) 


As is seen, this can be done by adopting suitable cross-secti- 
ons qi for the cooling ducts. 

It is important to remember that the hydraulic (cooling) 
system of a machine ordinarily has several paths operating 





Fig. 36-1 Hydraulic circuit of an electrical machine 


in parallel. Therefore, the flow rate in the ith path, Q;, is 
a fraction of the total flow rate, @. Asan example, the liquid 
cooling system of the machine shown in Fig. 35-1 consists, 
as is seen from Fig. 36-1, of three parallel paths, namely, the 
annular space between the stator core and the frame (at J 
in Fig. 36-1), the annular clearance between the stator and 
rotor cores (at JJ in the same figure), and the annular space 
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between the rotor core and the shaft (at J/J in the same 
figure)*. 

In carrying out the hydraulic and thermal design, the 
parallel passages must be detailed and proportioned so that 
the flow rate in each particular path, Q:, is proportional to 
the heat transferred to the coolant in that path whereas the 
sum of the flow rates is equal to the total flow rate, Q. 


36-2 ‘The Resistances of Series or Parallel 
Paths of the Hydraulic Circuit 


The static pressure, 2, required to force the coolant around 
the hydraulic circuit of an electrical machine is equal to 
the sum of the pressure losses in the series elements of the 
ducts (say, elements 7 through 7 in Fig. 36-1). 

As experiments show, a loss of pressure occurs each time the 
cross-sectional area g of a duct changes. This is illustrated 
in Fig. 36-1c. As is seen, when the cross-section changes 
from, say, g, (within element J) to g, (within element 2) or 
from qyz, (within element 4 of path J) to gz; (within element 5 
of path J), there occurs a loss of pressure. This is also true 
when a duct undergoes a change in direction. For long and 
narrow passages, one has to allow for the loss of pressure 
owing to friction against the walls. 

In most cases, the coolant in the ducts of an electrical 
machine produces a turbulent flow. In the circumstances, the 
pressure loss is proportional to the square of the flow rate 
and can be found by the equation 


hye = 212” (36-3) 


Here, Z,, is the local hydraulic resistance from section J to 
section 2: 
Zi. = Cyl2q; (36-4) 


where y = density of the coolant, Eq. (35-1) 
dz = cross-sectional area of the duct downstream from 
the local resistance or (when gq, = q,) in the 

region of the local resistance** 


* In calculating the cross-sectional areas of these passages, deduc- 
tion must be made for the vent fingers. 
** Where the coolant is discharged from a duct into a free space 
and qo > q, (dg = oc), one replaces gg with q,, the cross-sectional 
area ol the duct upstream of the local resistance, 
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¢ = coefficient of local hydraulic resistance (see 
Table 36-1) 


Table 36-1 Coefficients of Local Hydraulic Resistances 





Description Sketch Coefficient ¢ 





Duct exit, 
q2> 91 


will 
Duct expansion, t y, Z (92/4, —1)? 
g 


a> 


Duct inlet, 


41 > 4% (or 0.1 for a gradual change 


in cross section) 


Duct contrac- qo/q, {0 |0.2 | 0.4| 0.6] 0.8 
tion, 41 > 4%. € |.5|] .85] .8) .2] 1 
Duct bend a | 20| 40 [60 | 80] 90 
G |.05 | .44 | .35 [.75 [1.0 
Friction in duct b=A (I/d) 
4 
where \= 





d 
1.74-++2 logio 5 





The pressure losses in series local hydraulic resistances 
are added together, so the hydraulic resistance of a chain of 
several such resistances is equal to their sum. For example, 


46 Part Three. Classification of Electrical Machines 


the hydraulic resistance of path J in Fig. 36-1 is 
Zr = Zo(r3) + Zisa + Zras + Zr506) (36-5) 


Zra, = Cy/2qt, 


is the hydraulic resistance from section q;, to section qj, etc. 

Because the pressure loss in parallel paths is the same 
(say, hy, = hyy = hz, in Fig. 36-1), and the total flow 
rate Q is the sum of the flow rates in the parallel paths, 


Q = Qr a5 Qrr =f Qrrr 


we may conclude that the hydraulic resistance of the parallel 
paths, Z;.7;-777, is connected to the resistances by a relation 
of the form 


Zru-r1= (UV Z+ UV Zt WV Zr)? (36-6) 
The total resistance of the hydraulic circuit in Fig. 36-1 is 


Z = Zyo4+ “Jperrerrt Zot Ly 


where Z, = Cy/2q? = y/2q? is the resistance at the outlet 
of the hydraulic circuit. 
The static pressure required to produce the desired flow 


rate is given by 
h= ZQ? (36-7) 
The loss of pressure in the parallel paths is 
hy = hyp = Agr = Zr-11-111Q” 
The flow rates in the parallel paths are given by 
Q= V hy/Z;; Qrn= V hri/Z 113 Qrir= V bari/Zrrr 
The velocity of the coolant in the ducts is given by Eq. (36-2). 


where 


36-3 ~—Analysis and Design of a Multipath 
Hydraulic Circuit 


For a more elaborate hydraulic circuit, one has to set up 
static-pressure equations for the loops (or meshes) of the 
circuit and flow-rate equations for the nodes of the circuit. 
This is done by analogy with Kirchhoff’s electric circuit 
equations. Taking the system in Fig. 36-1 as an example, we 
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may write a set of four equations as follows: 
Z1Qi — 211Qtr = 0 

Z;Qi — Zr11Qtrr = 0 

(Zia + Zoey + Z,)Q? + Z;Q3 = h 

Qr + Qrr + Qrrr = Q 


Solving the above set of equations yields the static pressure h, 
and the flow rates Q;, Q;;, and Q,,; in the individual paths. 
The power P; required to drive a fan or a pump So as to 
keep the coolant circulating around the system is found 

with allowance for its efficiency 
Pt = Qhin (36-8) 


where 7 ranges anywhere between 0.5 and 0.6. 


37. ~The Size of an Electrical 
Machine 


37-1 Size and Performance of a Machine 


Given the desired power output and speed, the best approach 
for the designer to follow would seem to build a machine 
that would take up as little space as practicable, have 
a small mass, and be inexpensive to make. Unfortunately, 
as a machine decreases in size, its power loss per unit weight 
goes up, and this leads to higher operating costs. It is usual, 
therefore, to trade off size and design for a minimum total 
cost (the sum of manufacturing and operating costs) and 
a minimum power loss. The trade-off also presumes that the 
materials and dimensions for the electrical and structural 
parts are chosen such that the electric intensity in the 
insulation, stresses and strains, and—especially—tempera- 
ture are within the prescribed limits. 

Temperature affects many physical properties of mate- 
rials. For one thing, an increase in temperature leads to 
a higher resistivity of conductors and to a lower perme- 
ability of ferromagnetic materials. At the Curie point 
(770°C), the permeability undergoes a sudden change and 
approaches that of a free space. At over 600°-700°C, the 
mechanical properties of magnetic materials and conductors 
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deteriorate to a dangerous proportion. One must also reckon 
with the increase in the size of the machine parts with tem- 
perature (especially in large units) and with a build-up of 
stresses, because mating parts made of different materials 
change in size differently. 

Fortunately, a machine is never allowed to run that hot, 
so the effect of temperature on the magnetic and mechanical 
properties of machine materials may be neglected almost 
always. The point is that for each class of insulation there is 
a limiting temperature. For the most commonly used classes 
of insulation, this temperature is anywhere between 105° 
and 180°C. 

The temperature of a machine part is found by thermal 
analysis, following the selection of the size and material(s) 
for a particular part and finding the associated power loss 
(dissipated as heat in the part concerned). 

The temperature rise of a part is related to the specific 
power loss of a given material, the volume of the part, 
and the thermal resistance from the part to the coolant. 
The hottest parts of any machine are its conductors. In 
indirectly cooled (blown) machines, heat is abstracted from 
the outer surface of the coil insulation bathed in the coolant 
(which may be air or hydrogen). With this form of cooling, 
the heat flow traverses the insulation, so the primary factor 
is the thermal resistance of the insulation. Because of this, 
it is important to minimize the thickness of the insulation 
and to make its thermal conductivity as high as practicable. 
One way to minimize thermal resistance and to raise current 
density in the conductors of large machines is to use direct 
cooling (ventilation). With this arrangement, the collant 
flows in suitably arranged ducts and comes in direct contact 
with the parts to be cooled. Obviously, the thermal resis- 
tance of the insulation is no longer important. In fact, the 
current density in the conductors can be substantially 
increased and the size of the coils and, as a result, of the 
entire machine can be decreased without exceeding the 
specified temperature limit. 
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37-2 _ Relation Between the Principal 
Dimensions and Electromagnetic 
Loading 


The first step in the design of an electrical machine is to 
select the dimensions of and the materials for its parts. 
The dimensions of primary importance are the diameter D 
and the design length J, of the armature*. Then come an 
electromagnetic analysis (see Parts 4 through 6), mechanical 
analysis, thermal and hydraulic calculations. If necessary, 
the figures thus found are adjusted or other materials are 
taken. These steps are repeated until the design alternative 
meets the specified objectives. 

The amount of work involved in design optimization de- 
pends on the correct choice of the principal dimensions. There- 
fore, it is important to trace the relation between them and 
the machine’s power output and electromagnetic loading 
(the rated gap flux density Bs, and the armature electric 
loading, A = 2m,w,/ p/nD). 

For a.c. machines, Jp in the equation for the design power 


Sa => mEplR 


must be expressed in terms of the armature electric loading, 
the resultant mutual emf under rated conditions in terms 
of the mutual flux 


Om = Ep/4k pfwykwi 
and in terms of the rated gap flux density 
Bar > O,,/a stl, 


Because t = nD/2p and f = pQ/2m, we can derive an 
equation for the machine constant which connects the design 
power Sy, the principal dimensions, and electromagnetic 
loading: 


Ca = D?1,Q/Sg= 2/na gk pkwiB 5 RA yy 1/Be RA (37-1) 
Here, 
ky = shape factor of the flux density waveform (for 
a harmonic field, kp ~ n/2/ 2 = 1.11) 
* The member of an electrical machine in which an alternating 
current is generated by virtue of relative motion to a magnetic flux 


field. It may be a rotor or a stator, depending on type of machine. — 
Translator’s note. 


4—0240 
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&5 = pole enclosure (=pole arc ~ pole pitch), usual- 
ly from 0.6 to 0.75 
kw, = winding factor for the fundamental component 
of the magnetic field (in most cases, 0.92 
to 0.96) 
Q = 2nn/60 = synchronous angular velocity (n = 
synchronous speed, rpm)* 
For a.c. machines, 
Sq => mE pI p => kpSp 
where 
Sp = m,Vplp = total rated power 
ky = EpR/Vp =a coefficient (equal to 0.95-0.98 
for induction machines, and 41.07- 
1.15 for synchronous machines) 
For d.c. machines, 


where kz is 1.05 for generators, and 0.95 for motors. 

Given a particular electromagnetic loading, the machine 
constant remains unchanged. An increase in electromagnetic 
loading leads to a decrease in the machine constant. The 
magnitude of electromagnetic loading depends on the proper- 
ties of the materials that go to make the coils and cores, 
and also the arrangement of the cooling system. 

The rated gap density, By x, is limited by the saturation 
of the armature core teeth, and its value usually lies be- 
tween 0.7 T and 0.95 T. An increase in the gap flux density 
and, as a consequence, in the tooth flux density leads to an 
increase in the core loss, Poy ~ B3.r- 

In geometrically similar machines, the electric loading is 
proportional to the conductor size and current density: 


A= QaJd/t~ 1 


where Qcu ~ /? is the total cross-sectional area of the con- 
ductors occupying one pole pitch, and t = nD/2p ~1, 
where Z is the base (or reference) dimension of the machine. 
Therefore, the copper loss in the armature winding is propor- 
tional to the base dimension and the square of the electric 
loading 
Poy ~ BJ? ~ LA? 

* Synchronous speed (velocity) is that which corresponds to the 

frequency of the a.c. supply.—Translaior’s note. 
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The temperature rise of the armature insulation is propor- 
tional to the square of the electric loading 


P 272 2 
© insu fa Pou 6 insui/Ainsui P~PI?~A 


where Sinsn) ~ J is the insulation thickness, and Ajnsy is 
the thermal conductivity of the insulation (see Chap. 35). 
The temperature rise of the insulation surface in the case of 
indirect cooling (by a blower) is proportional to the square 
of the electric loading and inversely proportional to the 
machine size 


O, ~ Poylal? ~ LI? ~ Al 


where @ is the coefficient of heat transfer (see Chap. 35). 
The electric loading is a function of power output, rpm, 
and method of cooling, and can vary between fairly broad 
limits (from 2 x 104 to 2 x 10° A m~). From past experi- 
ence, the electric loading should preferably be chosen such 
that the total temperature rise (finalized by thermal analy- 
sis and equal to Qjnsy; + QO in the case of indirect cooling 
and to 9, in the case of direct cooling) does not exceed the 
temperature limit for the class of insulation used. 

As is seen from Eq. (37-1), the product D*J,, and also the 
volume, mass and cost of a machine, which depend on that 
product, are inversely proportional to the rated gap density, 
Bsn, and the electric loading, A. Obviously, the size, mass 
and cost of a machine can be minimized by maximizing the 
gap density and the electric loading. However, their maxi- 
mum values ought not to exceed the specified limits. 


37-3 Power Output, Power Losses and Mass 
of Geometrically Similar Machines 


Consider a range of geometrically similar machines designed 
for the same frequency f and the same synchronous angular 
velocity 2 = 2mnf/p (which also implies that all the machines 
have the same number of pole pairs, p). 

Suppose that the rated gap density has been chosen the 
same for all the machines, By, = constant, and so has the 
current density, J = constant. As has been shown, the elect- 
ric loading for such machines increases in direct proportion 
to the physical dimensions, that is, 


Aw~Jl 
4a 
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Taking the design core length as the base (reference) dimen- 
sion, / = 15, and noting that the core diameter is likewise 
proportional to the base dimension, D ~ 1, we can derive 
from Eq. (37-1) a very important relation 

Sarl (37-2) 


As follows from Eq. (37-2), the power of geometrically simi- 
lar machines manufactured so that Bs p= constant and 
J = constant is proportional to the base dimension raised 
to the fourth power. 

In other words, electrical machines fully obey the relation- 
ship deduced in Sec. 9-1 for transformers. Therefore, we 
may extend to electrical machines the relations derived in 
Secs. 9-1 and 9-2 for the relative mass and the relative loss. 
As in transformers, the mass of active parts per unit of 
design power in electrical machines is inversely proportional 
to their dimensions: 


miSq ~ B/lt ~All ~ Aly Sq 


The sum of electrical and magnetic (copper and core) losses 
per unit of design power is likewise inversely proportional to 
the base dimension: 


3} P/Sg ~ B/E WAM WS ANY Sy 


Accordingly, the manufacturing and operating costs per 
unit power go down as the power rating of machines goes up. 
This explains why the present-day tendency is to build 
ever bigger machines especially generators for electric 
power stations. 

An electric power station will be less expensive to build 
and operate, if it uses generators having the largest attain- 
able power output. On the other hand, an increase in power 
output entails an increase in the power losses per unit area 
of the cooling surface 


> P/2 ~ BIR ~IL~ VY Sq 


In order to bring down the temperature of the coils and cores 
in high-power machines, one has to increase the cooling 
surface area by artificial means, such as ducts in the cores 
and coils, to use better coolants (such as hydrogen or trans- 
former oil), and to replace indirect cooling (blowers, ordina- 
rily used on smaller machines) by direct (internal) cooling 
(ventilation). 
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38 A General Outline 
of Induction Machines 


38-1 Definitions. Applications 


An induction machine is an a.c. two-winding unit in which 
only one (primary, usually the stator) winding is supplied 
with an alternating current at a constant frequency , from 
an external source. In the other (secondary, usually the 
rotor) winding, currents arise from induction. The fact 
that the rotor currents are produced by induction is the basis 
for the name of this class of machines. The frequency o, 
of the rotor currents is a function of the rotor mechanical 
speed 9, and the rotor rpm depends on the torque applied to 
the shaft. 

Induction machines are also called “asynchronous” because 
their operating speed is slightly less than synchronous in the 
motor mode and slightly higher than synchronous in the 
generator mode. 

Induction machines are rarely used as generators, but are 
very popular as motors. In fact, of all electric motors, they 
are the most commonly used ones. 

More often than not, induction machines have a three- 
phase, symmetrical (balanced), heteropolar winding on the 
stator (see Chap. 22) and a three (or poly-) phase, symmetri- 
cal (balanced), heteropolar winding on the rotor. 

The rotor winding is either of the squirrel-cage or the 
phase-wound type. The squirrel-cage rotor (Fig. 39-1) con- 
sists of metal bars pushed through the rotor slots and shorted 
at both ends by rings. In a phase-wound rotor, the terminal 
of each phase is brought out to a collector or slip ring. 
Squirrel-cage motors are less expensive to make, are more 
reliable in service and have, therefore, found a wider field 
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of application than wound-rotor motors. They have a flat 
torque-speed characteristic—as load is varied from no-load to 
full load, the rpm drops by 2% to 5% at most. A further 
advantage is a larger starting torque than in the case of 
a phase-wound motor. Their disadvantages are as follows. 

(a) The power factor is low. 

(b) The starting current is high (five to seven times the 
rated current). 

(c) The speed is not easily varied, except by an elaborate 
design. 

Phase-wound (or slip-ring) induction motors (see Fig. 39-6) 
are free from the above limitations. Unfortunately, they are 
more elaborate in design and, as a consequence, more expen- 
sive to build. Because of this, they are only preferable under 
adverse starting conditions and where a broader speed con- 
trol is essential. 

Slip-ring motors are sometimes used in cascade with other 
machines. Cascade connection extends the range of speed 
control and improves the power factor, but such an arrange- 
ment is far more expensive, and this limits its field of appli- 
cation. 

As already noted, the terminal of each phase in a wound- 
rotor motor is connected to a slip or collector ring. The 
slip rings are held in contact with brushes by means of 
which an additional impedance may be brought in the rotor 
circuit or an additional emf injected so as to modify the 
starting or running performance of the machine (see Chap. 45). 
Also, the brushes can be used to short-circuit the rotor 
winding. 

In most cases, an additional resistance is brought in the 
rotor circuit only at starting. This serves to increase the 
starting torque, to bring down the starting current, and to 
make the starting easier. When an induction motor is 
running on load, the starting rheostat must be fully brought 
out, and the rotor winding must be short-circuited. Some- 
times, induction motors are fitted with a device which shorts 
together the slip-rings at the end of the starting time and 
lifts the brushes clear of the slip-rings. Such motors have 
a better efficiency because they are free from the losses due 
to friction between the slip-rings and brushes, and also from 
the brush-drop loss. 

Each type of induction motor is designed to operate 
under particular service conditions [13]. These conditions, or 
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ratings, are usually listed on the nameplate of the machine. 
They are:— 


mechanical power, Pr = Pox 


supply frequency, /f; 

line stator voltage, V1, tine 

line stator current, J; jine 

rotor rpm, ”R 

power factor, cos g1,R 

efficiency, Nr. 

If the stator has a three-phase winding with the start 
and finish of each phase brought out, and the winding may 
be star- or delta-connected, the nameplate gives the cur- 
rents and voltages for all the likely connections (a star or 
a delta) as a fraction, Vijne, y/Viine,a a0d Dine, v/Liine, a- 

For a slip-ring motor, the nameplate also gives the locked- 
rotor voltage, with the slip-rings open-circuited and the line 
rotor current at its rated value. 

Induction motors are available in a wide range of rat- 
ings. For example, the rated power may extend from a frac- 
tion of a watt to tens of megawatts. The rated synchronous 
speed may be from 3 000 to 500 rpm or less for a supply 
frequency of 50 Hz and from 100 000 rpm upwards at higher 
supply frequencies. (The rated rpm of the rotor is ordi- 
narily 2% to 5% below the synchronous one; in fractional- 
horsepower motors, it is 5% to 20% below the synchronous 
speed.) The rated voltage may extend from 24 V to 10 kV 
(the higher values applying to higher power ratings). 

The rated efficiency of induction motors increases with 
rising power and frequency. At power ratings in excess of 
0.5 kW, it is 0.65 to 0.95. For fractional-horsepower motors, 
it is 0.2 to 0.65. 

The power factor defined as the ratio of the active power 
to the total power drawn from the supply line 


cos (= PV PPO? 


likewise increases with rising power and rpm. At over 1 kW, 
it is 0.7 to 0.9. For fractional-horsepower motors, it is 0.3 
to 0.7, 
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jr 38-2 An Historical Outline of the Induction 
Motor 


The principle by which the present-day induction motor 
operates may in fact be traced back to the rotational magne- 
tism first discovered by Arago in 1824 and explained by Fara- 
day in 1831. In Arago’s experiments, however, a copper disc 
was driven by a rotating magnet rather than a rotating mag- 
netic field established by a fixed device, or stator, as this 
is done in present-day machines. 

Arago’s discovery had remained an academic curiosity 
until 1879 when Baily came out with a device in which the 
magnetic field wascaused to move in space by a fixed arrange- 
ment made up of four electromagnets placed an equal 
distance from the axis of rotation of a copper disc. The 
electromagnets were supplied with d.c. pulses of appropriate 
magnitude and polarity via commutator. 

The rotating (or revolving) magnetic field, as it is under- 
stood today, was discovered in 1888 independently by 
Ferraris, and Nikola Tesla. In their experiments, the rotating 
magnetic field was produced by two coils set at right angles 
to each other and supplied with two identical sinusoidal 
currents in quadrature. At the intersection of the coil axes, 
the flux vector was found to be rotating at a uniform speed, 
with its peak value remaining unchanged. 

Unfortunately, Ferraris’ two-phase motor which had an 
open magnetic circuit and a copper-disc rotor could deve- 
lop an output power of as little as 3 W. Also, reasoning 
that his motor could advantageously be used at maximum 
power only, Ferraris did not believe it could have an effi- 
ciency of more than 50%. Quite naturally, this did not serve 
to stimulate commercial interest in his invention and the 
otherwise sound engineering idea had practically been 
rejected. 

Tesla’s two-phase induction motors used concentrated 
windings on both the stator and rotor. This impaired the 
starting performance of the machine and made the starting 
torque dependent on the initial position of the rotor. This 
was the reason why Tesla’s motor later gave way to the three- 
phase construction. 

A major breakthrough came with the invention of the 
three-phase induction motor, largely developed by Dobrowol- 
sky of Russia. In 1889, he proposed the squirrel-cage structure 
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for the rotor and a distributed three-phase drum winding 
for the stator. Later, he proposed the use of a phase-wound 
rotor and also, in 1890, a starting rheostat to be brought 
in the rotor circuit at starting. They are all the basic features 
of the present-day induction motor. 


39 Construction 
of Induction Machines 


39-1 The Squirrel-Cage Induction Motor 


The basic arrangement of a squirrel-cage induction motor is 
shown in Fig. 39-1. As is seen, it is about the same as that 
of the rotating electrical machine examined in Sec. 32-4 
(see? Fig. 32-1). 
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Fig. 39-1 A 55-kW, 1500-rpm, 50-Hz, totally enclosed, blower-cool- 
ed squirrel-cage induction motor 


The stator consists of a core 2, a three-phase heteropolar 
winding 20 in which each phase is taken via a terminal 
box 13 to the respective phase of a supply line, and a frame J. 
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The core and coils produce a rotating (revolving) magne- 
tic field. The frame serves as a mechanical support for the 
active (electrical) parts and is made fast to a foundation 
by feet 14. 

The stator core is built up of electrical-sheet steel lami- 
nations usually 0.5 mm thick, insulated by a coat of varnish 
on either side*. For cores with an outside diameter of less 
than 1 m (which is true of all induction motors except the 
largest ones), the laminations are made in one piece, with 
suitable slots on their inner periphery (Fig. 39-20). 

The core may or may not be divided into blocks by means 
of vent fingers. In the former case (see Fig. 39-1), the lami- 
nations are stacked up and clamped together on a suitable 
mandrel outside the frame, so that no radial vent ducts 
are formed. The complete stack is held compressed by end 
plates 6 and clamps 5, and is installed in the frame after 
the coils have been put in place. 

In a core divided into blocks, the blocks are separated 
from each other by radial vent ducts. Such a core is ordi- 
narily assembled inside the frame. An unwound stator of 
this type is shown in Fig. 39-3. Radially, the laminations 
Z are held in place by the ribs of the frame 2; axially, they 
are clamped and held in place by end plates 3 and keys 4 
welded on after the core has been clamped. The ducts are 
formed by means of vent fingers 5. 

For cores with an outside diameter of over 1 m, the lami- 
nations consist each of several segments, and the stator has 
the same construction as that of a large synchronous machine 
(see Sec. 51-3). 

The stator winding uses single- or double-layer multiturn 
coils mush-wound with insulated circular wire (at J in 
Fig. 39-4a). The term “mush” refers to the fact that the con- 
ductors are laid in slots at a time. The slots are of the semi- 
closed type (see Fig. 39-4) so as to minimize the ripple in the 
magnetic field and the additional loss due to the core 
saliency**. 

Insulation on the coils for the stator (armature) winding 
consists of strand insulation if the conductors are stranded, 
conductor or turn insulation, coil or ground insulation, and 


* The selection of the thickness and material for core laminations 
has been discussed in See. 34-3. 

** Large induction machines use either preformed-coil or bar-type 
windings and open slots (see Sec. 51-3). 





Fig. 39-2 Ring-shaped stampings fur (a) rolor core and (6) stator 
core: 


1-rotor yoke; 2-looth; 3-slot; 4—axial venling duct; 5-shaft opening; 6- 
stator yoke 





Fig. 39-3 Radial-duct stator core built up of one-piece laminations 
and mounted in the frame 





Fig. 39-4 Slots: 


(a) for the double-layer mush stator winding of an induction machine; (b) for 


the three-phase, double-layer, bar-type, wave rotor winding of a wound-rotor 
induction machine 
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the slot liner or cell. The slot liner or cell is usually made 
up of two or more layers of insulating material: it is placed 
in each slot prior to placing the coils. In the slots, the coils 
are anchored by top insulation plates 6 and slot wedges 7. 
In a double-layer winding, the layers are separated by inter- 
layer 5 (or, simply, layer) insulation. No such insulation is 
needed in a single-layer winding. 

The rotor consists of a core 3 (see Fig. 39-1) with slots on 
its outer periphery, a polyphase winding 19, integrally cast 





Fig. 39-5 The core of a cast-aluminium squirrel-cage induction moto 


cooling blades 7, a shaft 75, and two fans, 8 and 17. Only 
the core and the winding contribute to energy conversion: 
the remaining parts serve various structural or mechanical 
functions. For example, the shaft transmits mechanical 
energy to the associated driven machine, the fans make the 
coolant circulate inside the machine, etc. 

In more detail, the construction of the core and winding 
is shown in Fig. 39-5. The core, 4, is built up of one-piece 
electrical-sheet steel laminations 0.5 mm thick. On the outer 
periphery, the laminations are punched with slots of a suit- 
able shape (closed in Fig. 39-5, and partly closed in Fig. 39-2a). 

The rotor core laminations are stacked up on a mandrel, 
clamped, and held compressed so long as the rotor winding 
is fabricated. The rotor winding consists merely of identical 
copper or cast-aluminium bars solidly connected to a conduct- 
ing (short-circuiting) end ring at each end (at 2 in Fig. 39-5), 
thus forming a short-circuited squirrel-cage structure. The 
end rings are cast integral with fan blades 3. 

Apart from serving as the secondary winding, the squirrel- 
cage structure holds together the rotor laminations upon 
removal from the mandrel. With this-arrangement, there is 
no need to use separate axial clamps. 

The rotor is mounted on the shaft (at 75 in Fig. 39-4) 
which is carried in two ball or roller bearings (72 and 17). 
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The bearings are press-fitted in end shields or end frames 
(9 and 21) with caps (16 and 18) by which they are attached 
to the frame. 

Ball bearing 72 centres the rotor both radially and axially 
and takes up radial and axial (thrust) forces. The bearings 
are lubricated with grease which is packed under the bearing 
caps and can last for several years of service. 

Because the clearance (air gap) between the rotor and stator 
cores is very small (0.3 to 1 mm for machines rated at 
0.5 kW and higher and 0.02 to 0.38 mm for fractional-horse- 
power machines), it is important that the shaft should have 
ample stiffness (see Sec. 34-3), and the structural parts 
ensuring the correct position of the shaft in space should be 
machined to a very high level of accuracy. 

Figure 39-1 shows a totally enclosed, externally blown 
machine (see Sec. 33-2). Cooling is provided by an external 
blower, and protection to attending personnel is given by 
an enclosure (10) which also serves to guide cooling air 
towards the ribbed surface of the frame. Inside the machine, 
air is forced by the integrally cast fan and fan blades (the 
direction of air flow is indicated by arrowheads). 

Wherever necessary, the motor can be lifted and moved 
about by means of a lifting ring (at 4 in Fig. 39-1). 


39-2 Construction of the Slip-Ring 
Induction Motor 


The general arrangement of a slip-ring (wound-rotor) 
induction motor is shown in Fig. 39-6. From the squirrel-cage 
machine, it only differs in the construction of the rotor. 

The stator may be built along the same lines as for a squir- 
rel-cage machine. The stator of the motor in Fig. 39-6 (with 
the core divided into blocks by vent ducts) is almost identi- 
cal with that in Fig. 39-3 (see Sec. 39-1). The stator consists 
of a frame J in which end washers 5 and keys 7 hold the 
stator core blocks built up of ring-shaped laminations 2. 
The vent ducts between the core blocks are formed by vent 
fingers 4. The slots on the inner periphery of the stator core 
receive a two-layer winding made up of coils 30 joined by 
end connections (or overhangs) 8. The terminals of the 
stator winding are brought out via a terminal box 23. Attach- 
ment of the frame to its foundation is by feet 22. To facilitate 


Py 
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handling in transit or during erection, the frame has 
a lifting ring 6. 

The rotor consists of a shaft 26 on which end plates 24, 
a key 21, and a split key 20 hold the compressed core blocks 
built up of ring-shaped laminations 3 (see Fig. 39-2a). 
The radial vent ducts are formed by vent fingers placed 
within each pole pitch. The partially closed slots made on 
the outer periphery of the rotor core (shown in the sectional 





Fig. 39-6 A 250-kW, 3000-rpm, 50-Hz, totally-enclosed, internally 
blown wound-rotor induction motor 


view of Fig. 39-4b) receive a three-phase, double-layer (usual- 
ly star-connected) wave winding 29 made up of preformed 
bars. The three terminal leads are brought out by means of 
cables 79 passing through a hole in the shaft to slip rings 
15 mounted on the shaft. 

The winding bars (at 7 in Fig. 39-4b), preformed at one 
end and with the turn insulation (2 and 3) already applied, 
are pushed from one end of the core through the slots already 
insulated with slot liners or cells 4. The bars are anchored 
in the radial direction and also the turn and ground insula- 
tion is augmented with plates 5 and 6. The centrifugal force 
acting on the overhangs is resisted by slot wedges 7. 

The coil and connections (overhangs) are supported by end 
plates 24 (Fig. 39-6) which also double as coil clamps. On 


Ch. 39 Constructiori 63 


the outside, the overhangs are taped with bands 32 to resist 
centrifugal forces. 

Electrical connection of the rotor winding to external 
(nonrotating) circuits is by means of slip rings to which 
the coil terminal leads are brought out, and a brush assembly 
connected to the external circuits directly. It is usual to 
make the slip rings as an integral assembly. The rings (at 
15 in the figure) may be made of steel or brass alloy and are 
separated from one another and from ground by insulating 
spacers 77. The assembly is held together by insulated studs 
16 and joined to the shaft end by a flange. The slip rings 
make sliding contact with carbon or copper-carbon brushes 
electrically connected to the conductors 72 of the brush yoke 
(or rocker arm). Figure 39-6 also shows the brush-yoke studs 
JZ and insulating parts, the brushgear enclosure /3 and 
cover 14; the brushes and brush-holders are not shown. 

The necessary contact between the brushes and slip- 
rings is maintained by brush-holders mounted on the brush 
yoke (for more detail, see Sec. 51-3). Connection of the 
brush-yoke conductors to the starting rheostat is made 
inside the slip-ring terminal box 18. 

The rotor is held in a proper position relative to the sta- 
tor and made free to rotate by the same parts as are used in 
a squirrel-cage motor. These are a roller bearing 25, a ball 
bearing 20, end shields (or frames) 37, and bearing caps 27. 

The motor shown in Fig. 39-6 is of ventilated, drip-proof 
construction (see Sec. 33-2). Inside the machine, cooling air 
follows both radial and axial paths. Atmospheric air enters 
the machine by openings in the end shields and is directed 
by baffles 9 towards the cooling blades 28, between the 
overhangs of the rotor winding, and towards the axial 
ducts in the rotor core. From the axial ducts, the air enters 
the radial ducts in the rotor and stator cores. The air driven 
by the cooling blades past the rotor overhangs bathes the 
stator overhangs. The hot air then enters the clearance be- 
tween the stator yoke and the frame whence it is discharged 
through side openings in the frame into the atmosphere. 
The static pressure required to drive cooling air inside 
the machine is produced by the radial ducts in the rotor, 
which act as centrifugal fans. 
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40 Electromagnetic Processes 
in the Electric and Magnetic 
Circuits of an Induction 
Machine at No-Load 


40-1 The Ideal No-load Condition 


It is convenient to begin our study of the induction machine 
with the ideal no-load condition. In this condition, the 
electromagnetic processes involved are less elaborate than 
they are on load. 

In the ideal no-load condition, the external torque applied 
to the shaft is zero, Tex, = 0. It is also assumed that the 
friction torque is likewise zero. The rotor is spinning at the 
same angular velocity as the rotating (or revolving) field 
(Q = Q,), the slip (defined as the quotient of the difference 
between the synchronous speed and the actual speed of the 
rotor, divided by the synchronous speed) is zero (s = 0), 
no emf or current is induced in the rotor winding (J, = 0), 
and the electromagnetic torque required to balance the exter- 
nal torque and the friction torque is zero (Tem = 0). 

At no-load, an induction motor closely resembles a trans- 
former (see Part 1). In either case, there is only a current 
in the primary winding, /,540, and no current in the second- 
ary J, = 0; the magnetic field is established solely by the 
primary current, for which reason we may call it the mag- 
netizing current (J; = J,). In contrast to a transformer, 
however, the set of magnetizing currents in the phases of the 
polyphase stator winding establishes a rotating (or revolv- 
ing) magnetic field. 

By analogy with a transformer, the voltage equation at 
no-load is only needed for one phase of the stator (that is, 
primary) winding: 


Vi = —E, + (Ri + 1X1) Io 
where Ey = emf induced in the phase by a rotating magne- 


tic flux On 


V, = primary phase voltage 
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R, = primary phase leakage resistance (to be explain- 
ed later) 
X,= primary phase leakage inductance (to be ex- 
plained later) 
Because the inductive and resistive drops, XJ, and 


R,Jo, are negligible, V, is almost completely balanced by E,, 
that is 


Vi, = —E, 


40-2 Analysis of the Magnetic Circuit 
at No-Load 


The magnetic circuit needs to be analyzed at no-load in 
order to determine the stator magnetizing current J (or the 
stator mmf Fy) which produces the rotating magnetic flux 
@,, that will induce the desired emf, £,, in the stator. 





Fig. 40-1 To calculation of the magnetic circuit for an induction 
machine: 


1—frame (stator yoke); 2—stator core block; 3—stator winding; 4—rotor core 
block; 5—insulated, three-phase rotor winding in a wound-rotor motor; 6—rotor- 
winding terminal lead; 7—slip rings; 8—shaft; 9, 9a—pressure plate; 10, 10a— 
Hey ie Pies ring of a squirrel-cage rotor; 12—squirrel-cage bar; 13—pressure 
plate; 14—key 


Two sectional views (transverse and axial) of the magne- 
tic circuit in an induction machine are shown in Fig. 40-41. 
The cross-sectional view shows one half-cycle of change 
in the field, occupying a sector spanning the angle 360°/2p. 
ane figure also shows the mean line of the mutual magnetic 

ield. : 
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So long as it is unsaturated, the iron parts of the magnetic 
circuit have an insignificant reluctance, and the air gap 
field is mainly controlled by the gap reluctance. Therefore, 
the gap flux density follows the sine-wave distribution of 
the fundamental mmf, Eq. (25-18). In Fig. 40-1, the gap flux 
density and mmf are maximal at the start and end of a half- 
cycle and vanish at the middle of the half-cycle. As the 
mmf builds up in magnitude, the stator and rotor teeth are 
saturated increasingly more, their reluctances go up, and 
the relation between the mmf and flux density ceases to be 
linear (the mmf rises at a higher rate than the flux density). 
However, the teeth are saturated only within the regions 
of high mmfs (at the edges of the half-cycle in Fig. 40-1), 
and are not where the mmf is low (at the middle of the 
half-cycle). Because of this, tooth saturation distorts the sine- 
wave gap flux distribution, and the flux waveform in the 
region of high mmfs is “flattened”. 

Since the rms value of emf, £,, is mainly controlled by the 
fundamental flux density, the magnetic flux in the case of 
a nonsinusoidal flux distribution has to be calculated by 


the equation 
Oy, = Fy/4k phywrkwr (40-1) 


where kz is the shape factor of the flux density waveform. 

In an unsaturated machine, when the magnetizing forces 
in the stator and rotor teeth are low in comparison with the 
air gap magnetizing force) 

Fat FaX F5 
the flux density waveform is nearly sinusoidal, and 
kp=nl2V2 =1.41 

As the teeth are saturated in the region of high mmfs 
more and more, the magnetizing forces in the teeth, Fz, 
-+ Fz,, become comparable with the air gap magnetizing 
force, F4, the flux density waveform is flattened, and ky 
somewhat decreases in value 


kg=(n/2V 2) Es 
Here, &, is a correction factor. It can be found from the 
plot in Fig. 40-2 where it is shown as a function of the tooth 
saturation factor 


kz = (Fy + Fai + Fz2)/F 5 
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For each specified value of E,, the values of kz and ky 
are found by the method of successive approximation (to be 
described later). To a first approximation, we may deem 
that kz = 1. 

The mmf F, that produces the magnetic flux ®,, is found 
by applying Ampere’s circuital law to the mean magnetic 
line composed of the segments 
La, hai, 6, hza, and Lan (see 
Fig. 40-1): 


5h Hal= Fy 


where H is the magnetic in- 
tensity at ®,,, and di is an 
element of length of the mean 
magnetic line. 

To facilitate calculations, 
the line integral isreplaced by Fig. 40-2 Plots of &, = f (Itz) 
asum of mmfs within the cha- and &, = f (kz 
racteristic segments of the 
mean magnetic line, assuming that within each segment 
the magnetic intensity is constant: 





Sh Hd=F, +FatFatFatFa=Fo (40-2) 
The air gap mmf is given by 
F, => dk, => B,5k5/po (40-3) 


where kg = kgikgg = air gap factor defined in Eq. 

(24-10), which accounts for the 

effect of the stator and rotor sa- 

liency on the air gap reluctance 

By = ©,,/a tls = maximum air gap flux density 

1, = design core length (axial gap 

length) as given by Eq. (23-10). 

The value of a, depends on the saturation of the stator 

and rotor teeth, in turn given by kz. At low saturation, when 

the gap flux density waveform is sinusoidal, a, = 2/n [see 

Eq. (27-2)]. At saturation, @, goes up; now it is a 

= 2&,/n. The correction factor €, (usually greater than 

unity) can be found from the plot of Fig. 40-2. The values 

of kz and ag are found for each specified value of Z, by the 
method of successive approximation. 


5* 


68 Part Four. Induction Machines 


The mmf in the stator teeth 
Fa = Hyhzy (40-4) 


is found from the field intensity in the tooth section which 
is hz, distant from the narrowest section (that is, the tooth 
tip). The active surface area of iron at that section is 


An= bzilcsky 


where bz, = tooth width at the section 
la = I (ny + 1) = total length of the stator core, 
that is, lamination blocks in 
the stator of Fig. 40-1 (here, 
ny is the number of radial vent 
ducts) 
ky = block fill factor (= 0.93 for 
varnished laminations 0.5 mm 
thick) 

The tooth flux density is found, assuming that the magne- 
tic field is continuous and that the flux is conserved at 
all the sections within the tooth pitch. At a moderate tooth 
saturation, which is true when the tooth flux density is 
Bz,<<1.8T, it is legitimate to deem that the tooth-pitch 
flux, as found from the air gap flux density, 


Dy = tzil5B,, 


is concentrated solely within the tooth laminations and 
does not extend into the slots and nonmagnetic clearances 
between them (the radial vent ducts and insulation between 
the tooth punchings). On this assumption, the tooth flux 


Oz = Baydzileky 
does not differ from the air gap flux 
Oo,=O, 
Hence, 
ay; a ee (40-5) 


_ ™ keloybz1 
When 87,<1.8 T, the tooth magnetic intensity Hz, 
can be found from the main magnetization curve, H = f (B). 
Such curves plotted for several grades of electrical-sheet 
steels may be found, for example, in [13]. 
If Eq. (40-5) gives Bz, > 1.8 T and, as a consequence, 
the assumption made does not hold, the calculation must 
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be refined by allowing for the flux branching into the slot 
and nonmagnetic clearances 


®, = By Ag 
where 


Ag = bg + (1 — kpleibz1 + bynybai 


is the cross-sectional area of the slot and nonmagnetic clea- 
rances per slot pitch, B,, is the flux density in the slot and 
nonmagnetic clearances, b,, is the slot width at the section 
which is hz,/3 distant from the tooth tip, J, is the total 
length of the stator core, and by is the width of a vent duct. 
In the circumstances, 


MO, = 0, — ®, 


Let us divide the right- and left-hand sides of the equation 
by the active cross-sectional area of the tooth, Az, and 
take into account the fact that when two paths with flux 
density Bz, and B,, are arranged in parallel, the magnetic 
intensity in them will be the same 


Ay = Ber/o = Hz, = f (B21) 
Then we get 
By = Bu = WoksH 71 


where Bz, = M,z/Az, is the actual tooth flux density, Bz, 
is the tooth flux density as found by Eq. (40-5) on the 
assumption made originally, Hz, is the tooth field intensity 
corresponding to Bz, on the main magnetization curve, and 
k, = Agi/Az, is the coefficient allowing for the effect of 
nonmagnetic clearances. 

The sought flux density Bz, is found by simultaneously 
solving the above equation, where Bz, is a linear function 
of H,,, and the equation describing the main magnetization 
curve Hz, = f (Bz) for the core material used. As a rule, 
the solution is obtained graphically at the intersection of 
the straight line Bz, = Bz, — wok, 71, passing through 
point Bz,, with the curve Hz, = f (Bz). The procedure can 
be facilitated by using magnetization curves Hz, = f (Bz1) 
plotted in advance for several values of kg. 

’ The mmf in the rotor teeth 


Fag = Agghz, (40-6) 


70 Part Four. Induction Machines 


is found in the same manner as for the stator teeth. At mo- 
derate saturation, when Bz,<1.8T, the flux density is 
calculated on the assumption that all of the tooth-pitch 
flux is concentrated within the tooth iron 
= lgtzo 

Boa= Bm icbm (40-7) 
where bz, is the tooth width at the section which is h,,/3 
distant from its base, and Ic, = 1, (ny — 1) + 21, is the 
total length of the rotor core shown in Fig. 40-4. 

If Bz, as found by Eq. (40-7) exceeds 1.8 T, the next 
step is to refine its value by allowing for the fraction of 
the total magnetic flux crowded out of the teeth into the 
slots and nonmagnetic materials. This is done in the same 
manner as for the stator teeth. 

After Fs, Fz, and Fz. have been found, it is important 
to verify the value of /z. Should it differ from the specified 
value by more than 5%, the mmfs must be re-calculated, 
adopting the refined value of kz. 

The mmf in the stator yoke 


Fa = Halak (40-8) 


is found from the maximum yoke field intensity correspond- 
ing to 
Bar = Dy/WMalerky (40-9) 


on the main magnetization curve [13]. The coefficient & 
accounts for variations in the magnetic intensity along the 
length Z,,, and is taken for B, = B,, from the table that 
follows. 


Ba, T 4.0 4.4 4.2 4.3 4.4 4.5 
E v.57 0.54 0.5 0.46 0.4 0.33 


The mmf in the rotor yoke 
Foo = Hgehaes (40-10) 


is found in a similar way from the maximum flux density 
in the rotor yoke 


Bay == Dp/2hagloakt (40-11) 
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The phase angle Bj, between I o and —E, (see Fig. 2-8) 


does not differ from the angle between 7 9 and Jog, and 
may be written 


B, = arccos (J oq/Io) 


Accordingly, we may define the active and reactive compo- 
nents of the no-load current as 


Ina = Ig cos By 
and 
Ior = Ty sin B; 
By the same token, the active and reactive components of 


—E may be written as E, cos B, and £, sin £). 

At V; = Vin, the no-load current in an induction ma- 
chine accounts for a larger proportion of the rated current. 
than in a transformer. This is because the stator and rotor 
cores are always separated by a nonmagnetic clearance which 
presents a considerable opposition to the magnetic flux, 
whereas in transformers the cores are usually of the closed 
construction. 

The relative no-load current, J,/J,,,, increases with 
decreasing power output and rpm. For motors rated any- 
where between 1 and 100 kW, it ranges from 0.5 to 0.25. 
For fractional-horsepower motors, it ranges from 0.5 to 1.0. 

By finding J, for several values of £, (or @,,), we can plot 
the relations #, = f ([,) and ®,, = f (J). The former is 
known as the no-load characteristic of a machine, and the 
latter, the magnetization curve (or characteristic) of the ma- 
chine. The two relations are linear only at E,< Vip. At 
E, > Vin when the magnetic circuit of a machine is usual- 
ly saturated, the relations are strongly nonlinear. 


40-4 Calculation of the Main Stator Winding 
Impedance 


Once the magnetic circuit has been designed and analyzed 
and the no-load current found, the next step is to determine 
the main stator winding impedance with allowance for the 
saturation of the magnetic circuit 


Zp = Ry + JX) = —Ey/I, (40-17) 
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where Ry = £, cos B,/I) = main resistance 
X, = E, sin Bj/J) = main reactance 
B, = arctan (Io,/Igq) = angle between —E£, and I, 
(see above). 
The power dissipated in Ry represents the actual core 
loss, P,. Therefore, we may express Ry in terms of Py: 
_ E,cosBy mg _ 2 i 
ro etieaeey ames TMyly = P,/m,P? (40: 48) 
The reactive power, Qo, stored by Xo at J, represents the 
reactive power stored by the main reactive impedance due to 
self-inductance X,, = 2nf,Lym= E,/I,, at Io,. Therefore, 


Qo= m,X Jy = ™X141 hr 


Hence, 
Xo = Xu ( $r/T?) = X4,sin? By (40-19) 


os iis yY go MODs 

V X3+ RB VX}, 4-83 

In most cases, it will be sufficiently accurate to take 
sin B, ~ 1. 

In an unsaturated machine, L,,, is found by Eq. (28-4). 
In a saturated machine, it should be reduced by a factor 
of k,. The relative magnitudes of Ry and X, for the stator 
winding are dependent on the core saturation which in turn 
varies with EF, or On. 


where 


Al Electromagnetic Processes 
in Induction Machines on Load 


41-1 Basic Definitions and Assumptions 


Our discussion will be limited to the steady-state electro- 
magnetic processes in a loaded induction machine whose 
stator winding carries a balanced polyphase system of sinu- 
soidal voltages. 

An’ induction machine is capable of energy conversion in 
any condition, except at no-load (open-circuit) and a short- 
circuit. At no-load (an open-circuit), the mechanical power 
developed™by the rotor, Pm=Tem®, is zero, because the 
rotor is revolving alt the same angular velocity as the field, 
2 = Q,, and Ten, = 0. In the case of a short-circuit, the 
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mechanical power is zero, because the rotor is at standstill, 


Given V, and f,, the electromagnetic processes in an 
induction machine depend on the external torque, 7'ex:, 
applied to the shaft, and its direction. If the external torque 
opposes the rotation of the field, the machine will be operat- 
ing as a motor. Should the applied torque be increased, the 
mechanical power output will 
also increase, 


P, = Tex 


At the same time, the angular 
velocity Q of the rotor will 
go down (Q < Q,), and the slip 
s will increase: 








Conversely, should the exter- 
nal torque be in the direction 
Fig. 41-1 Mutual and leakage of the revolving field, the ma- 
fields in an induction machine chine will be operating as a ge- 

nerator. Now, an increase in 
the torque will lead to an increased amount of active elec- 
tric power delivered to the receiving line, 


P, = Tex 
At the same time, the angular velocity of the rotor will 


increase (Q > ,), but the slip will take on a negative value: 


— 2,—2 
s= a <0 





In order to establish quantitative relations between the 
external torque 7.x;, the angular velocity ®, and the elec- 
tric quantities associated with the polyphase stator and 
rotor circuits (voltages, currents, active and reactive power), 
we need a set of equations describing the electromagnetic 
processes in those circuits. 

Because all quantities associated with the stator and rotor 
circuits vary in time practically sinusoidally, it is conve- 
nient to write the above set of equations in complex nota- 
tion. Also, the analysis can best be done, using a two-pole 
model (see Sec. 30-2), such as shown in Fig. 41-1, 
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Within a pitch pole, a two-pole model retains all the 
basic dimensions of the prototype machine (air gap length, 
slot width and depth, number of effective turns per slot, 
slot currents, turn voltages, magnetic flux densities, and 
magnetic fluxes). The angles between any elements within 
a pole pitch are multiplied by p (where p is the number of 
pole pairs in the prototype machine). The angular velocity 
of the field, Q,, and the angular velocity of the rotor, Q, 
are each multiplied by p to become respectively 


Qyp = (0,/p) p = a, 
and 
o = Qp 


The slip and the stator and rotor current frequencies, f; 
and f,, remain unchanged. 

To simplify matters, the two-pole model shown in all 
the subsequent drawings has a smooth stator and a smooth 
rotor. 


41-2. The Stator Voltage Equation. 
Stator MMF 


A three-phase stator winding (see Chap. 22) may be star 
or delta connected. When energized with a balanced set of 
phase currents J,, it establishes a rotating (revolving) field 
with 2p poles. The phase currents are induced by a balanced 
set of supply voltages V,. The frequency /, of these currents 
is the same as thesupply frequency. The peak value of the 
2p-pole (fundamental) stator mmf 


Fim=(V 2/n) m, (vet (44-4) 


is proportional to J,, the number w, of series phase conduc- 
tors, and the winding factor for the fundamental compo- 
nent, ky, [see Eq. (25-9)]. 

The stator mmf F,,, and the mutual flux density By 
which, in addition to the stator mmf, are produced by the 
rotor mmf, Fym, rotate at an angular velocity given by 


Q, = 2nf,/p = o,/p 
In the diagram of a two-pole model shown in Fig. 41-2a, 
the electric quantities V, and J,, and also the space-distri- 


76 Part Four. Induction Machines 


buted quantities Fim and Bm are depicted as complex ampli- 
tudes rotating at an electrical angular velocity . 

The projections of the complex functions representing 
the rms phase quantities (V,e7!, Z,e/@t, and so on) on the 


stator phase axes A,, B, and C, are equal to 4/j/ 2 of 
the corresponding instantaneous phase quantities. The 





Fig. 41-2 Phasor diagrams for (a) stator quantities and (b) rotor quan- 
tities of an induction machine (motor mode of operation, wo < 4), 
s > 0) 


projections, on an arbitrary direction, of the space-distribu- 
ted complex functions representing the quantities sinusoidal- 
ly distributed in the air gap give the instantaneous values 
of these quantities at a given point on the periphery of the 
air gap. 

The rotating mutual field and the stator phase winding 
produce a flux linkage (see Sec. 27-5) whose peak value 


Wim = WykyiDm 
is proportional to the flux 
O,, = 7 tlsBm 
and, in the final analysis, to the peak value of the gap flux 
density, Bn.* 
* Here, the mi and £, equations hold for an unsaturated machine 


with a sinusvidally distributed gap flux density, For a saturated 
machine, they are given in Chap. 40, 
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On the diagram Bm», ,,, and V,» rotate all in the same 
direction (see Fig. 41-2). Variations in the flux linkage at 
@, = 2nf, induce in each phase a mutual emf whose com- 
plex rms value is given by 





Ey = —jo Yim _. _ fywykwiDmn (41-2) 


Also, the stator phase is linked by the leakage flux, giving 
rise to a leakage flux linkage Y,, proportional to the phase 


current J, (the lines of mutual and leakage fields for phase 
A, and the other stator phases are shown in Fig. 41-4). 

The leakage emf £,, induced in the stator phase by varia- 
tions in the leakage flux linkage at w, is usually expressed 


in terms of I 1 and X, = o,L1, the leakage inductive reac- 
tance of the stator (see Sec. 28-7): 
Eig= me jwrrbilV 2 = flan (41-3) 


The stator phase voltages, emfs, and currents must satisfy 
the voltage equaton which, as written in complex nota- 


tion, is the same as for the transformer primary (see 
Sec. 3-2) 


Vi =a Ey a Eis = Rl, 
where f, is the stator phase resistance at f, (see Sec. 34-2). 
On expressing Be in terms of J 1 in accord with Eq. (41.3), 
we may introduce the stator phase impedance Z,: 
Vi = —E, fe Zl, (41-4) 


where Z, = R, + jX, is the stator phase impedance.* 
Graphically, Eq. (41-4) is shown on the stator voltage 
phasor diagram plotted in Fig. 41-2a for motoring. In this 


diagram, the magnitude and direction of E, induced by the 
rotating Bn field are chosen such that at the specified Vi; 
the machine could operate as a motor. For this to happen, 
it is required that the phase current 

1, = (V+ By/Z 


* Z, is determined without allowance for the mutual flux linkage. 
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should lag behind Vi by 9, < 1/2 and that the active power 
should be 
P, = m,V,I, cos 9, > 0 


(The power drawn from the supply line is assumed positive.) 


41-3 The Rotor Voltage Equation. 
Rotor MMF 


The rotor of an induction machine rotates at an angular 
velocity which is in the general case different from the 
angular velocity of the mutual field 


Q) = 2nf,/p = op 
Accordingly, in a two-pole model, as shown in Fig. 41-2, 
the electrical angular velocity of the rotor, o = Qp, is dif- 
ferent from the electrical angular velocity of the field 
@, = Qyp = anf, 
Relative to the rotor, the mutual field depicted in the 
diagram of Fig. 41-2b by B, rotates at an angular velocity 
Q, = Q) — Q 


called the angular slip velocity. Accordingly, in the model 
the field rotates relative to the rotor at 


@s = 0, — @ 
Recalling that the slip is defined as 
s = Q,/Q, = o,/o, (41-5) 


we may express the angular slip velocity in terms of the 
angular field velocity as 


Q, = Q, —Q = sQ, 


or 
Ws = 0, — © = 80,1 (41-6) 


In the motor mode of operation to which the diagram 
in Fig. 44-2 applies, both s and Q, are positive. This implies 
that in motoring the B,, field is rotating relative to the 
rotor in the same direction as it does relative to the stator 
(w, is in the same direction as 0). 

The rotating mutual field and the rotor phase winding 
produce a flux linkage (see Sec. 27-5) whose peak value 
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is 
Vom = WokyoDm (41-7) 
where @, = rotor phase turns 
kwe = rotor phase winding factor for the fundamen- 
tal (2p-pole) component of magnetic flux den- 


sity 
In Eq. (41-7), the mutual flux @,, is the same as in 
Eq. (41.2). Both ®,, and Wom are acting in the same direc- 


tion as B,,. As they vary at w., the rotor phase flux linkages 
give rise to the mutual emf £,,. The frequency f, of the 
mutual emf, currents and other quantities in the rotor 
phases is a function of the angular field velocity relative 


to the rotor 
fe = @,/2n = ,s/2n = fis (41-8) 


The complex emf Eo, lags behind the complex flux linkage 
by 1/2, and the rms value of the emf at slip s is given by 


Eo, = —jo.Ven/V 2=—j (20//V 2) faWoktwoDm (41-9) 


The rotor phase mutual emf, £,,, may be expressed in 
terms of the mutual emf, £,, that would be induced by the 
same field in the rotor at standstill, when wo = 0, a, 


=0,—0=0,5=1, and fe = fis = hh 
As follows from Eq. (41-8), 
Eas = Es (41-10) 


where E, = ,Von/V 2. 

The rotor phase is also linked by the leakage flux. This 
produces a leakage flux linkage, Y,,, proportional to I, 
(the lines of the mutual and leakage fields for phase A, 
and the other rotor phases are shown in Fig. 41-1). 


The leakage emf, as induced in a rotor phase by va- 
riations in the phase flux linkage at 


@, = 2nf, = sa, 
is usually expressed in terms of I 2 and the rotor leakage 
inductive reactance at slip s, given by 


Xos = amtfeL os => 2nsfiL gs — SX» (41-11) 
where 
X_ = AnfLog 
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is the leakage inductive reactance of the rotor at standstill, 
when s = 1 and f, = f; (see Sec. 28-7). 
The rms value of the rotor leakage emf is 


Bee are Xa, (41-12) 


The rotor phase emfs and currents must satisfy the volta- 
ge equation which, as written in complex notation, is the 
same as for the transformer primary (see Sec. 3-2): 


Eos + Ecs = Rl, 
where A, is the rotor phase resistance at 


fe = Sh 


On expressing Bis is terms of T; in accord with Eq. (44-12), 
we may introduce in the voltage equation the rotor phase im- 
pedance (R, + jX_,): 


Eos = (Re + iXes) Ie (44-13) 


The action of £ gs is such that the rotor phases carry a cur- 
rent 


P fas Eos > 
5 aaa cep oe (41 14) 
which lags behind E,, by angle B, (see Fig. 41-2b): 
B. = arctan (X>2,/R.) (41-15) 


The current J, induced in the rotor phases varies at the 
same frequency as /,,, that is f, = sfy. 

Graphically, Eq. (41-13) is illustrated in the rotor voltage 
phasor diagram plotted in Fig. 44-2b. The rotor phase quan- 
tities are obtained by projecting the respective complex 
quantities on the rotor phase axes A», By, and C, which 
rotate together with the rotor at an electrical angular velo- 
city . Because the complex quantities representing the 
rotor phase quantities rotate relative to the rotor at 


O, = 0, — 0 


their projections vary at f, = o,/2n. 

The balanced set of currents J, in the m,-phase rotor 
winding, displaced from each other by an angle 2/mg, esta- 
blishes in the rotor a 2p-pole (fundamental) mmf whose 
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peak value (see Sec. 25-9) is given by 
Fam = (V2 Ia) mg “2ahw2 (44-16) 
Relative to the rotor, Fam rotates at w, = 2nf, in the 


two-pole model, and at 2, = o,/p in the prototype machine. 


In doing so, Fam is acting in the same direction as I 9. Since 
the rotor velocity is o = Qp in the two-pole model and Q 
in the prototype machine, it is an easy matter to see that 


relative to the stator Fm rotates at 
o+ oO, = @, 
in the model, and at 
Q + Q, 
in the prototype machine. 


Q, 


To sum up, the rotor mmf, Pom: rotates in space at the 
same velocity as the stator mmf, Fym. 


yy 41-4 Analysis and Design 
of the Squirrel-Cage Winding 


A squirrel-cage rotor consists of Z, bars cast or pushed 
through the rotor slots and connected at both ends by end 
rings so that the cage is permanently shorted. 

Each phase of a squirrel-cage winding is in effect a single- 
turn loop composed of two adjacent bars and the intervening 
end-ring segments. For example, phase loop J consists of 
bars J and 2 and the respective segments of the end rings. 
The bars carry each a current In3, Ip2, Ips, ..-, and the 
end-ring segments carry each a current J,,;, between bars 1 
and 2, Ter, between bars 2 and 8, and so on (Fig. 41-3). 

Obviously, the number of phases in a squirrel-cage rotor 
is equal to the number of bars (or loops): 


My = Ly 
As already noted, each phase is a single-turn loop: 
Ww, = 1 
The phase winding factor is equal to the pitch factor: 
kwo = kpp = sin (xy/2t) = sin (tp/Z,) (41-47) 
6—0240 
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where y = 1 = phase loop pitch (in slot or tooth pitches) 
t = Z,/2p = half-pole pitch (or half-cycle) of the 
fundamental component of the rotat- 
ing field (also in slot or tooth pitches) 





Fig. 41-3 Currents and emfs in the loops and bars of a squirrel-cage 
structure 


A phase current refers to the loop current in turn equal to 
the current in the respective end-ring segments: 


Tay = Lert, a2) = Tera, etc. 
Each bar actually belongs to two adjacent phases. There- 


fore, the current in a bar is equal to the difference in cur- 
rents between these two adjacent phases (or loops): 


Tyg Te Tok (41-48) 


Owing to the symmetry of the squirrel-cage structure, the 
currents induced in the phases by a 2p-pole rotating field are 
the same: 

Ty = Dep = Terr = Tere = «- 


On a phasor diagram, the complex phase currents form a 
symmetrical star in which the currents of adjacent phases 
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spaced an angle 2np/Z, apart. (The loops of adjacent pha- 
ses are displaced from one another by an angle 2:/Z,.) 
The bar currents are the sides of a polygon constructed on 
the loop-current star. The rms value of a bar current is 
given by 
Ty = 21,sin (mp/Z.2) (41-19) 
(Hint: to derive the above equation, consider the triangle 


of currents Ie,4, Jers, Ipg in Fig. 41-3.) 
The phase emf 


Eos = Ber = Eon = Eero = --- 


may be regarded as the difference in emf between the bars 
forming a loop. For example, 


Een = Ene — Ey (41-20) 
The rms value of a bar emf 
Ey = => Ey, = = Ey b2 —- 
is found from the triangle of vectors Ems Ene, Fert: 


Eos 
By= 2sin pla) (41-21) 


The equivalent resistance, R,, and the equivalent reac- 
tance, X,, of a squirrel-cage winding is found from power 
considerations. The sum of copper losses in the phases 


must be equal to the sum of losses in the bars, Z,Ryli 
and in the end-ring segments between adjacent bars, 
2ZoRe lz. (Here, Ler = IL, Ry is the resistance of a bar, 
and R,, is the resistance of the end-ring segment between 
adjacent bars (see Fig. 41-3).) Upon rearrangement, we get 


R, = 2Re + Ry (Ip/T)? (41-22) 
Similarly, 

Xo = 2X—q, + Xy (Lh /T.)? (41-23) 
where Xy is the leakage inductive impedance of a bar, and 


Xer is the leakage inductive impedance of an end-ring seg- 
ment. 


(Iy/T_)?2 = 4 (sin 5 zy 


(see Eq. (41-19)). 
6* 
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41-5 MMF Equation. Magnetizing Current. 


Mutual Field 


As has been shown in Sec. 41-3, the rotor mmf, Pym, rotates 
at the same velocity as the stator mmf, Fim. Either mmf 
rotates at an angular velocity Q, relative to the stator and 
an angular slip velocity Q, relative to the rotor. In the 
model, this occurs at an electrical angular velocity o, 
and an electrical angular slip velocity w,, respectively. 

The relative position of the stator and rotor mmfs shown 


in the model by the complex amplitudes Fim and ae re- 
mains unchanged so long as the machine is in a steady state 


(see Fig. 41-4). Therefore, the resultant mmf, Fom, has 
a certain definite peak value 
in either condition (at no-load 
and on load), rotates at 2, re- 
lative to the stator (at , in 


the model), and is given by 
Fom = Fim + Fam (44-24) 


Accordingly, the mutual 
field set up by the resultant 


Lim 





A, ; 
Ww fin (Pm) 


f+ mmf, Fom, has a certain defi- 


nite peak flux density Bm in 
either condition (at no-load 
and on load), and rotates rela- 


Fig. 44-4 Phasor diagram of 
mmfs and currents in an induc- 
tion machine (motor mode of 


tive to the stator at the same 
velocities. 
On load, the mutual flux O,, 


operation, o < a, s > 0) can be found from the mag- 
netic-circuit analysis carried 
out for the no-load condition by Eq. (40-2). In doing so, it 
is legitimate to use the magnetization curve D,, = f (Fom), 
assuming that Fom, is the resultant mmf on load. If the 
resultant mmf, Fyom has the same value at no-load and on 
load, the mutual flux will likewise be the same in either 
case. 

Extending the no-load analogy to the generation of the 
mutual field, we may introduce the concept of magnetizing 
current, I,. It will refer to the stator current which produces 
an mmf equal to the resultant mmf, Pom. In the diagram 
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of Fig. 44-4, the magnetizing current is plotted as a com- 
plex quantity 


, Fommp 
= ste 41-25 
2 V2 mWyky, ( ) 


which, on the complex plane, is in line with Fyn. At the 
same time, Fm may be imagined as being produced by a cur- 
rent J) traversing the stator winding. It is called the rotor 
current referred (or transferred) to the stator winding and 
is written 


on F mitp 7 
I’ = —— 2m es Z 
Pe kyl, (41-26) 


where 


MaWekwo 
T el 
MmyWykwy 


is the referring coefficient for the rotor current. 

It is to be noted that the phase currents J, and J are ba- 
lanced sets of stator currents varying at a frequency f, and 
producing rotating mmfs with amplitudes Fom and Fom, 
respectively. 


On introducing ie and I, we may express Fom, Fm and 


Five in Eq. (41-24) in terms of the respective currents by 
use of Eqs. (41-25) and (41-26). Then, dividing the equa- 


tion through by ) 2m,w,ky,/mp, we obtain an alternate form 
vf the mmf equation 


| cae Oe @ (44-27) 
Quite appropriately, it is called the current equation. The 


magnetizing current J, given by this equation sets up the 


same mutual field as the no-load current J, equal in mag- 
nitude. By the same token, the on-load stator mutual emf 
E, is the same as it is at no-load and at current Jy. Quite 
naturally, the equation connecting the mutual emf £, and 
the magnetizing current J, on load turns out to be the same 
as at no-load (see Eq. 40-17): 


E, = —Zoly (44-28) 
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where 
Zo = Ryo + jXo 
is the main impedance of the stator winding. 
The complex flux density, Bm, and the complex flux, Om, 


lead the complex emf FE, by x/2. The relationship between 
£,, on the one hand, and By» and M,», on the other, remains 
the same as at no-load [see Eq. (40-1) and also Eq. (40-3) 
with allowance for saturation and Eq. (41-2) without allow- 
ance for saturation]. 

The mmf and current phasor diagrams corresponding to 
Eqs. (41-24) and (41-27) appear in Fig. 41-4. 


41-6 Voltage and Current Phasor Diagrams for 
an Induction Machine 


The voltage and current phasor diagram of an induction 
machine shown in Fig. 41-5 gives a graphical interpretation 
of the equations that describe 
the processes in the stator and 
rotor electric circuits: (41-4), 

(41-13), (44-27), and (41-28). 
The diagram is constructed 
on the space complex plane 
of a two-pole model and com- 
bines in effect the partial dia- 
grams appearing in Figs. 41-2 
and 41-4. All complex quan- 
tities shown in the diagram 
rotate at w, = 2nf,; the rotor 
and its phase axes rotate at 
an electrical angular velocity 
Fig. 41-5 Phasor diagram ofan © = &p; the stator and its 
induction machine (motor mode phase axes are assumed to be 
of operation, o< @,, s>0) at standstill. The stator phase 
quantities are the projections 





of the respective complex quantities (Vi, E,, T,, etc.) 
on the stator phase axes. The rotor phase quantities are 
the projections of the respective complex quantities 


(hae To, etc.) on the rotor phase axes relative to which they 
rotale at @, — © = Q,. 
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The space-distributed quantities are obtained by project- 
ing Bm, Fim, Fem, and Fom on the radii originating at a 
given point in the air gap. 

It is convenient to begin the construction of the diagram 
by plotting B,, because it is in line with On, Vim, and 


Wom. In addition to the value of Bm, the quantities assumed 
to be specified in advance are the stator current frequency 
fi, the rotor angular velocity @, the circuit parameters 
Xo, Ro, Ri, R., X, and X., and the magnetization curves. 
All the other quantities associated with the stator and 
rotor electric circuits (E25, I, Io, 1, Ey, Vi, and so on) 
are found in the course of construction. 

The diagram shown in Fig. 41-5 holds for the motor mode 
of operation (0< 2<Q,, 1>>s>0). The sequence of 
steps is as follows. 

4. Choose an arbitrary position for Bn. 

2. Plot Om, Vim, and Yym so that they are in line with 


Bm. Calculate Om by Eq. (41-2) or Eq. (40-3), with allow- 
ance for the flattening of the flux density curve. 


3. Plot Z, as found by Eq. (40-1) or (41-2) and Ey, as 
found by Eq. (41-9), so that they lag behind On by x/2. 


4. Using Eq. (41-14), find I 2 lagging behind E 5, by an 
angle B., and construct the rotor voltage diagram. 
5. Using Eq. (41-26), find the rotor current referred to 


the stator, ee 

6. Using Eq. (44-28), find I). 

7. Using Eq. (41-27), find Ij. 

8. Using Eq. (41-4), construct the stator voltage dia- 
gram and determine the supply voltage V; and the phase 


angle pg, between V; and J. 


41-7. Energy Conversion by an Induction Machine. 
Power Losses. Efficiency 


For better insight into the electromagnetic processes that 
take place in an induction machine, it is useful to trace 
the various steps in the energy conversion that it imple- 
ments, 
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In the motor mode of operation (Fig. 41-6), the mechanic- 
al angular velocity of the rotor does not exceed that of 
the field (0< 2 <Q,), and the machine draws active 
power from the supply line 


Py = m Vi, cos Q1 (41-29) 
where qg, is the phase angle between the stator voltage and 


current, shown in the diagram of Fig. 41-5. It is taken posi- 
tive when the current is lagging behind the voltage. In the 





Fig. 41-6 Energy conversion by an induction machine (motor mode 
of operation): 7—stator; 2—rotor 


motor mode of operation, it lies in the interval n/2 > @p 
>i >0, and P, is positive. 

On expressing the active stator voltage V, cos g, as the 
sum of RJ, and £, cos B; and writing 


P, = mJ, (V1 cos g;) = mJ,£, cos B; + mR; 
we can see that the second term represents the copper loss 
mR? = Poy 


that is the power dissipated as heat in the stator winding 
(Fig. 44-6). 
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On expressing the active stator current J, cos Bj as the 
sum of the active magnetizing current I, cos B} = Ioq and 
the active component of the secondary referred current, 
Qi cos Bo 

mE, (11 cos Bj) = m,E,Iy cos B, + mE 1) cos By 
we can see that the second term represents the core loss 
mE I, cos Bo = Py 


that is the power dissipated as heat in the stator core (see 
Sec. 40-3). 


The remaining power, 
Pem = Py — Pou — Pe = mE! cos By (41-30) 


is transferred electromagnetically across the air gap from 
the stator to the rotor. Quite aptly, it is called electromagne- 
tic power, Pem (see Sec. 30-1). 

Taking the mutual emf as defined by Eq. (41-2) and 
noting that the electromagnetic torque acting on the stator 
may, in accord with Eq. (29-13), be written as 


Tom =(pm/V2 ) Vil, cos By (41-31) 


where f, is the phase angle between E, and I > we find that 
the electromagnetic power is proportional to the electro- 
magnetic torque and the angular velocity of the field: 


Poem = MET, cos By = Tem1 (41-32) 


Going back (see Eq. (41-10)) to E,, the emf induced in 
a phase of the rotor at standstill, and expressing the re- 
ferred rotor current J} in terms of the rotorf{current [, 
we may write the electromagnetic power in terms of the 
rotor quantities as follows: 


Pem = MET, cos By = Tem, (41-33) 
where 
Lem i (pm,/V 2) Womls cos Be 


is the electromagnetic torque acting on the rotor. It is equal 
to the electromagnetic torque given by Eq. (41-31) and 
acting on the stator. 

The conversion of the electromagnetic power, Pem, com- 
ing into the rotor across the air gap was examined in 
Sec. 30-1. In an induction machine, the total angular velo- 
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city @ of the surface rotor current A, is the sum of the 
mechanical (rotational) angular speed of the rotor 


= 2, (1 — s) 


and the angular velocity of the surface current relative to 
the rotor 


Q, => sQy 
which is a function of the frequency of the rotor current, 
fe = sfy 


Accordingly, Pem = Tem, may be written as the sum of 
two power components 


Pem = T emy a Tem ate Tem (41-34) 


The term 7. ,2; = Tem,s represents the electrical or rotor 
copper loss, P,. = Pcug. This can be proved by writing 
the torque in terms of the rotor quantities and noting 
that Z,,cos B, = Ral, (see Fig. 441-5): 


Tem®, = (pm,/V 2) Pome cos B, Q, 
= My, (o.Ven/V 2 ) T,,.cos Bp = MeIg (E25 C08 Ba) 
= mpRoT? = Pous (41-35) 
Accordingly, the term T.,_2 = Tem, (1 — s) is the 
mechanical power developed by the electromagnetic torque 
Tem as the rotor rotates at the angular velocity : 
Tem = Pm = Pi 
Thus, . 
Pom = Poue + Pm = Peo + Py 
It is an easy matter to show that the relation between 


Pep and P; (or Pcug and Pm) and the electromagnetic power 
depends on the rotor slip s: 


Peo = SPem 
Py = P, = (1 — s) Pem 


The useful mechanical power transmitted by the shaft to 
the associated driven machine is less than the mechanical 
power P; applied to the rotor by an amount equal to the 
friction and windage losses, Pry, and the additional (or 
stray) losses, Pag, in the windings and cores, associated 


(41-36) 
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with the higher-harmonic currents and fields, 
P, = Py — Pyuw — Paa (41-37) 


The efficiency of an induction machine operating as a 
motor is defined as the ratio of the useful mechanical power 
P, to the active power drawn from the supply line, P;: 


1 = P,/P, = 1 — BPIP, (44-38) 
where 
SS) P = Pet+ Pom + Pour + Prw + Paa 


is the total power loss in the machine. 


42 Application of Transformer 
Theory to the Induction 
Machine 


42-1 The Rotor at Standstill 


The equations derived in Chap. 41 to describe the electric 
circuits of an induction machine give an adequate insight 
into the associated processes. Unfortunately, they are in- 
convenient to use, because the rotor circuit quantities 
vary at a frequency different from that of the stator circuit 
quantities. This stands in the way of explaining the perform- 
ance of induction machines by transformer theory, where 
the primary and secondary quantities vary at the same fre- 
quency. 

Fortunately, the stator voltage equation, (41-4), written 
at f, is the same as the primary voltage equation of the 
transformer. Therefore, we need only to re-arrange the rotor 
voltage equation in such a way that the rotor quantities 
ae at the same frequency as the stator quantities, that 
IS, ji. 

As follows from the foregoing (see Chap. 41), this can 
be done by replacing the rotor rotating at 2 by a rotor 
at standstill, because then s = 1, and f, = sf, = fy: In. 
doing so, the circuit parameters of the rotor at. standstill 
must he chosen such that the replacement could not affect: 
energy conversion in the machine. It is an easy matter to 
show that with the rotor at standstill the rotating mutual 
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field, the electromagnetic torque and all the stator quanti- 
ties will remain unchanged, if the rotor current J, and the 
rotor mmf Em remain the same as before in both magnitude 
and phase. 

A model of an induction motor, with the rotor rotating 
at o = @, (1 — s) < @, is shown on the left of Fig. 42-4. 
In the figure the resultant rotating field is represented 


by B, rotating at w, = 2nf, relative to the stator and at 
®s = S@, relative to the rotor. The emf £,, induced in the 





Fig. 42-1 An equivalent rotor at standstill as a model of a rotating 
rotor 


rotor and defined by Eq. (41-9) lags behind the flux density 
vector by x/2. The rotor current J, given by Eq. (41-14) lags 


behind E,, by an angle B, as given by Eq. (41-15). 

Let us see how we should adjust the rotor phase impedance 
at standstill so that its current remains unchanged. Because 
the mutual field remains as it was before, and its velocity 
relative to the rotor (on the right of Fig. 42-1) is increased 
w,/@, = 1/s times, the rotor mutual emf (Z, on the right 
of Fig. 42-1 instead of Z,, = sE, on the left of the same 
figure) and its frequency will be multiplied by the same 
factor. 

Obviously, for the rotor current to retain ils magnitude 
and its phase relative to the emf, the resistive and reactive 
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components of the impedance must be multiplied by 1/s, 
that is, in proportion to the change in Z,,. The resistance 
R, must be replaced by R,/s, and the leakage inductive 
reactance of the rotating rotor, X», = 2nfoLl,2, must be 
replaced by X_, = Xo,/s = 2nf,L,_ which is the phase leak- 
age inductive impedance of the rotor at standstill at f, 
[see Eq. (41-11)]. Then, the rotor phase currents at stand- 
still, defined as 

V (Ro/s) + 7X2 


will be the same as it is when the rotor is rotating. 
The standstill rotor current will lag behind EF, by the 
same angle 


(42-1) 


Xo 
Bo = arctang 7, (42-2) 
as when the rotor is rotating [see Eq. (41-15)]. The voltage 
triangle on the standstill rotor diagram (on the right of 
Fig. 42-1), answering the voltage equation of the equiva- 
lent standstill rotor, 


E, = (R,/s) I, - jX of, (42-3) 


is multiplied by 1/s as compared with the voltage triangle 
on the diagram of the rotating rotor (on the left of Fig. 42-1). 

The voltage equation of the rotating rotor, Eq. (41-43), 
can also be transformed into the voltage equation of an 
equivalent standstill rotor by multiplying it by 4/s. How- 
ever, in order to be able to reproduce in the rotor at stand- 
still the processes that occur when the rotor is rotating, 
an additional resistance must be included in the rotor 
phase 





Rm = Ryls— Ry = R, ~—* 

which, when combined with the intrinsic rotor resistance 
R,., gives the required resistance R,/s. The inductive impe- 
dance, X, = 2nf,L,2, is reproduced automatically as the 
frequency in the rotor at standstill is increased 4/s times, 
because the rotor leakage inductance, L,., remains un- 
changed. 


As follows from Fig. 42-4, so long as I 2 Tetains its mag- 
nitude and phase, Pym. remains unchanged as well—with 
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the rotor at standstill, it will have the same peak value, 


the same phase relative to Bm, and the same angular velocity 
relative to the stator, ,, as when the rotor is rotating. As 
a consequence, there will be no change in the mutual flux 
field B,, established by the stator and rotor mmfs, the 
stator and rotor flux linkages V,, and Ym, the electromag- 
netic torque Tem, and the electromagnetic power P.,. How- 
ever, there will be a change in the manner of energy con- 
version within the rotor itself. In a running machine (on 
the left of Fig. 42-1), the input electromagnetic power is 
converted to a mechanical power 


Pr = Tem; (4 — s) = Pou (1 — 5)/s 
and to an electrical power or the rotor copper loss 
Peo = Prous = T em&218 = m Rol 


In a machine with its rotor at standstill (on the right of 
Fig. 42-1), no electromechanical energy conversion takes 
place, and all of the input electromagnetic power, Pem, is 
coverted to electric power dissipated as heat in R,/s. In 
the resistance added to the phases of the standstill rotor, 
R, = R, (1 —s)/s, the heat dissipated is the power 

1s 72 P,. (1—s)/s 


s 





m2R2 


equal to the mechanical power 
Py = Pe (1 — s)/s 
developed by the rotor. The remainder 
Pem — Pm = Peo = Pour = m,R,I} 


is dissipated as heat in the rotor winding. 

In conclusion, it should be noted that energy conversion 
in an induction machine with its rotor at standstill and 
with R,, added to its phases does not differ from energy 
conversion in a transformer loaded into Ry. 

An induction machine with its rotor at standstill in 
which all the circuit quantities vary at frequency f, is in 
effect a rotating-field transformer. 

The rotor voltage equation for such a machine does not 
differ from that for the transformer secondary 


Ey = Rls ats iXol, =i V, (42-4) 
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where V2 _ Rind» is the voltage developed across the equi- 
valent load. 


42-2 Transferring the Rotor Quantities fo 
the Stator Winding 


To obtain a complete mathematical description for what 
happens in a rotating-field transformer, one more change 
is needed: the rotor winding with m, phases and w., turns 
per phase must be replaced by a referred (or transferred) 
winding which has the same number m, of phases and the 
same number w, of turns per phase as the stator. This referr- 
ing (or transferring) procedure leads to Jj, Ej, Rj, and X;, 
which are called the referred (or transferred) quantities. They 
must be chosen such that the transferring procedure does not 
affect the magnetic field in the machine or the associated 
energy conversion processes. A referred (or transferred) 
quantity will be designated by the same symbol with a 


prime. 
The referred rotor current 
and the referring coefficient for the rotor current 
__ MyWokwe _ 
a= myWykwy (=) 


have already been derived in Chap. 41 [see Eq. (41-26)], 
subject to the requirement that the mmf in the rotor with 
a referred winding should remain the same as it was before, 
that is, 

F. am = F 2m 
The referring coefficient for rotor voltage is defined as 
the ratio of the emfs (or flux linkages) in the referred and 


unreferred rotor windings, with the mutual flux ,, remain- 
ing unchanged, 


IE, = Wi, /W,. — WakwiPm _ wiktwi _ 
EJEs Pam/M ze Waltwem Welwe By, 





Both £; and V3,, are the same as the respective stator quan- 
tities: 


EL = Ey, Win = Vim (42-7) 
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The rotor phase resistance is transferred in such a way that 
the copper loss (electrical power) remains unaffected: 


mR, (13)? = mol? = Pes = Peus 
Hence, the referring coefficient for resistances may be 
written 
’ bo tyg M1 (wykwi)? nies $3 
Ry/ Re = (mg/m) (I4/T,)? = My (Wolkwo)? kylky=kz (42-8) 
The same relation must apply to the phase leakage induc- 
tive reactance of the referred and unreferred rotors 
Xj/Xo a kz 
because it is only then that the rotor current will retain 
its phase given by the angle 
B. = arctan (X,s/R,) = arctan (Xjs/R}) 
and there will be no change in the electromagnetic torque 
T em acting on the rotor carrying the referred winding 


Tem = (pm,/V 2) Wom, COS Bo = (pm,/V 2) Pome cos By 
(42-9) 
The voltage equation for the referred rotor winding may 
alternatively be derived by multiplying Eq. (42-4) by ky: 
IyHg = (Ro + JX.) (ley/ker) (krE2) + Ry (Fevller) (kya) 
(42-40) 
and, finally, 
B= £,= 20,4 Bal, 
where 
Et = E, =—j (wskyv1Dym) alV 2 


Rn = Ry (4 — s)/s = referred additional resistance 
in a rotor phase at standstill 
Z, = Ri + jX, = referred impedance of the rotor 

at standstill 


42-3 Basie Equations and the Space-Time 
Vector Diagram of an Induction Machine 


Taken together, Eqs. (41-4), (41-27), (41-28) and (42-40) 
derived in Chapters 41 and 42 for an induction machine 
treated as a transformer, give an exhaustive description 
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of the associated electromagnetic processes. Arranged in a 
logic sequence, this set of equations is as follows. 
4. The stator voltage equation 


V, = —E, + 2,1; (42-14a) 
2. The standstill rotor voltage equation 
Le ES OT AR (42-11b) 


3. The emf equation 


El = E, = —Zol, (42-44) 


4. The current equation 


Lh+h=f, (42-41) 


In appearance, the above equations do not differ from the 
set of equations describing a referred transformer loaded 


into Ry: 

Graphically, Eqs. (42-11a) 
through (42-114d) are shown 
in the phasor diagram plotted 
in Fig. 42-2 for an inductiox 
machine interpreted as a trans- 
former. In appearance, it 
does not differ from the phas- 
or diagram of a transformer, 
but it has a different physic- 
al meaning. For an induction 
machine, this diagram is plot- 
ted on the complex plane of 
its two-pole model, with the 
rotor at a standstill in an 
arbitrary position relative to 
the stator. To go over from 
the complex quantities rotat- 
ing at @, = 2nf, to the phase 
quantities, the complex stator 
quantities must be projected 
onto the stator phase axes 
(A,, By, and C,), and the com- 
plex rotor quantities must be 





Fig. 42-2 Phasor diagram of an 
induction machine modelled as. 
a transformer (motor mode of 
operation, 1 >s > 0) 


projected on the stationary and arbitrarily oriented rotor 


phase axes (A, Bg, and C,). 
71-0240 


98 Part Four. Induction Machines 


In some cases, the diagram may be used to solve the 
set of equations graphically. For example, suppose that 
the operating conditions are specified by giving the mutual 


enf E, = Et and the slip s = (Q, — Q)/Q,. Then, to find 
the currents, voltages and phase angles, the procedure 
should be as follows. 

(1) Using Eq. (42-11b), find I) and Bz. 

(2) Plot Ij and the rotor voltage diagram (Ej, Ri, 
Ruly, 1Xi12). ; 

(3) Using Eq. (42-11c), calculate and plot Jo. 

(4) Using Eq. (42-11d), construct the current triangle 


and determine J. 
(5): Using Eq. (42-14a), construct the stator voltage dia- 


gram and find Vj. 

In other cases, such as when the operating conditions are 
specified by giving the stator voltage V, and the slip s, 
the diagram cannot be used to solve the set of equations 
graphically and to find the currents J, and J}, and the phase 
angles. Instead, Eqs. (42-11) must be solved analytically, 
and the diagram may only serve to facilitate an interpreta- 
tion of the solution obtained and to determine the stator 
and rotor phase quantities graphically. 

Once the diagram is constructed, it is an easy matter, 
using Eq. (42-9), to calculate the electromagnetic torque 


Tem=(pm/V 2) Viml, cos By 
and also the active and reactive powers of the machine. 


42-4 _—_ Equivalent Circuits of an Induction 
. Machine 


By analogy, the mathematical description of an induction 
machine treated as a transformer may be based on the equi- 
valent circuit for the transformer (see Sec. 3-5). For an 
induction machine with its rotor at standstill, the equivalent 
circuit will be shown in Fig. 42-3a. The additional resis- 


tance 
Rn = R, (1 —s)/s 


may be regarded as the load resistance of a transformer 
whose secondary is referred to the primary side. The voltage 
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across that resistance is the referred secondary voltage of 
the equivalent transformer 


Vi = Rol; 
The power dissipated in that resistance is numerically equal 
to the mechanical power developed by the induction ma- 
chine ; 
Py = man (EP 
The equivalent circuit fully answers Eqs. (42-11), and 


is called the equivalent T-circuit of an induction machine. 
Using it, we can develop (see Chap. 43) the exact design 


tz & 2% 





Fig. 42-3 Equivalent circuits of an induction machine 


equations for all the quantities characterizing the electro- 
magnetic processes in the machine (for example, J,, J}, 
Ip, Ey = Ej, Pem, Pm, etc.). In some cases, however, such 
as when it is required to construct the circle diagram (see 
Chap. 44), the equivalent T-circuit should preferably be 
transformed into an equivalent L-circuit, such as shown in 
Fig. 42-36. It differs from the T-circuit in that the magne- 
tizing arm is brought out to the terminals and connected 


to receive Vi. The impedance of the magnetizing arm in the 
L-circuit is taken equal to Z) + Z,, and it is assumed to 
carry a fictitious magnetizing current 


Téa = Vi (Za + Zo) 


which is the same as the actual magnetizing current I, 
in the T-circuit under ideal no-load conditions, when s = 0 
and Ry, = oo. 

The current J) in the right-hand arm of the L-circuit 
(the rotor arm) may be found subject to the requirement that 


71% 
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the primary current I. 1 Should remain unchanged in the 
L-circuit. Obviously, 


i = q, a Tao 
and, because Ip9 = Ig, we have 
MATL =t—Io 
Using Eq. (42-11) and the equivalent T-circuit, let us first 
find the currents in the primary and secondary windings 


cas Zot Zieq _y, 1+4+Y 0Z50q 
4 1229+ 2o25eq t+ 2125eq Z1+C1Z50q (42-42) 
e . Z . 1 
-—LhV. OO 1s oT 
2" "2Zy + 22 b0qt 212 20q Zi +6125 0q 
where 
Z2eq = Ri/s + jX, 
and 


Yo a 1/Z, 
The complex coefficient, C, = (Z, + Zo)/Z , used here 
and elsewhere, is the sum of a real and an imaginary part 
Cy a (Zo + 23) Zo = c + ej (42-13) 
where 
c’ =[(Ro+ Ry) Rot (Xo + Xs) Xol/(Ro + Xo) 
c" = [(Xo + X1) Ro— (Rot R1) Xol/(Ro + Xp) 
Now we can determine I 3» the current in the right-hand 
arm of the equivalent L-circuit: 


‘fh, , & © 41472) v 
l=h-lw=\t yaaa Gah 
it 1“2eq it 0 


= Vy eee J. i 
=cathegy = ~ hes (42-14) 


It is connected to 7 by a simple relation—it is 1/C, times 
the value of —J;j. 

From the expression for J) it is seen that the impedance 
of the rotor arm in the equivalent L-circuit is 


Cy (2, + CZ 5eq) = C2, + CiZ, + CiRin 
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In practical engineering calculations, the equivalent T-cir- 
cuit can sometimes be replaced by the simplified L-circuit 
shown in Fig. 42-3c. The simplification is based on the 
relations between the parameters of the equivalent T-cir- 
cuit. To begin with, let us express the parameters of the 
equivalent T-circuit on a per-unit basis, taking the stator 
impedance as the base (or reference) quantity 


Zi = Vix/Iie 


For the most commonly used commercial induction motors 
rated from 3 to 100 kW, the per-unit parameters are 


Xuo = Xq/Z1, p= 2.5 to 3.5 
Xu, = Xe = 0.07 t0 0.45 
Re, = Rig =: 0.02 to 0.06 
Ruy = 0.4 to 0.4 


The lower values apply to motors of higher ratings. 

The parameters of induction machines are such that the 
replacement of the equivalent T-circuit by a simplified 
L-circuit in which the magnetizing current (f9) arm is 
brought out to the stator winding terminals does not lead to 
an appreciable error. To minimize it still more, the mag- 
netizing current arm of the L-circuit is extended to include 
Z, in addition to Zp. 

The simplified L-circuit is fairly accurate only under 
the ideal no-load conditions, when s=0, R;, = Ri (4 —s)/s = 
oo and J; = 0. In these conditions, the stator current 


di =a 7; x Vi (Zs of Zo) 


does not differ from the current found from the equivalent 
T-circuit. At Vyi = Vyizr = 1, the per-unit no-load cur- 
rent is 


Sts Wii 08 
Iso ae Pea 2 ~Z 0.3 to 0.4 


Under rated conditions, when J,1; = Igi1.n = 1 and Vyi 
= Vii.R = 1, the voltage drop across the impedance 


Zy=VRTX? 


of the T-circuit is on the average 0.1, whereas at no-load 
it is about 0.035. Taking the approximate phase angles of 
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currents, we find that under rated conditions, E,, ~ 0.915, 
whereas at no-load it is about 0.965. 

Using the equivalent T-circuit, we find that in going from 
no-load to full load the magnetizing current decreases by 
about 


[(0.965 — 0.915)/0.965] x 100 = 5% 


In calculations on the basis of the L-circuit, changes in 
load (the slip, R;,, and J) do not affect the magnetizing 
current. AS a consequence, under rated conditions (at 
full load) it is exaggerated by about 5%. As found from 
the L-circuit, I) is exaggerated by about 0.5% because of 
the underrated voltage drop across Z, which carries I} 
instead of J,. The error in the primary current 

=I1,-f, 
arising from inaccuracies in the calculation of J, and J; 
from the simplified L-circuit does not exceed +1% or 42%. 

In the third typical condition, a short-circuit, when the 
rotor is at standstill ( = 0), the slip is unity, and Ry = 
= Ri (4 —s)/s = 0, and the winding of the equivalent 
standstill rotor is short- circuited, the value of J, as found 
from the T-circuit is about half the no-load current (because 
X, = Xj, and R, © R}). In calculations from the L-cir- 
cuit, the magnetizing current at a short-circuit remains about 
the same as it is at no-load. In other words, it is exaggerated 
by the current which is half the no-load current and equal 
(on a per-unit basis) to 0.475. 

However, the referred rotor current at a short-circuit 
and at Via = = ete = 1 is several times the rated stator 
current 


Duo = Vy/|Z, + Z| & 1/0.2 =5 
and the error in the stator current 
=k 
does not exceed 
0.175 +5 x 100 = +3.5% 


The errors in the currents, power losses, active and react- 
ive powers found from the simplified L-circuit for all the 
other operating conditions of an induction machine will 
likewise be insignificant. 
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43 Analytical and Graphical 
Determination 
of Electromechanical 
Characteristics of Induction 
Machines 


43-1 Modes of Operation 


An induction machine can operate in any one of three modes, 
namely: 

—as a motor, when 0O<s<1 and Q); >Q>0; 

—as a generator, when s <0 and Q > Q,; 

—as a brake, when s>1 and Q <0. 

In all of these modes, the machine converts mechanical 
energy to clectrical or back. There are two more conditions 
in which no energy conversion takes place. These are an 
open-circuit (ideal no-load) and a short-circuit. In the 
former, s = 0 and Q = Q,. In the latter, s = 1 and Q = 0. 

In motoring (region M in the plot of Fig. 43-2), the 
electromagnetic torque Tem > 0, which is in the direction 
of the field, causes the rotor to rotate with the field at a 
velocity less than the field velocity (Q, > Q>0Oand0<s< 
1). In the circumstances, 


Pem = Tem®1 = Peuz/s > 0 
Py = Tem = Peuz (1 — s)\/s > 0 

The input electric power 

Py = Pem + Pe + Pow > 0 
is converted to mechanical power 

P, = Py — Pag — Pry > 0 
which is transmitted by the shaft to the associated driven 
machine. 

The events occurring in the motor mode of operation are 

illustrated in Fig. 43-1a. Here, the active rotor current igg 
acts in the same direction as the emf induced in the rotor. 


The direction of the electromagnetic torque, Tem, is decided 
by Bmiga acting on ig, (see Fig. I-3, vol. 1). 
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The useful (output) power, P,, is less than the power 
drawn from the supply line (input power) by an amount 





Fig. 43-1 Operating modes of an induction machine: 
(a) motoring; (b) generating; (c) braking; (d) transformer (or short-curcul t) 


equal to the total power loss, XP: 
P, = Py — 2P = Py — (Pou + Pe + Pouz + Paa + Pryw) 
So the efficiency of the motor is given by 

yn = P,/P, = 1 — XP/P, = f (s) (43-1) 


In the generator mode of operation (region G in Fig. 43-2) 
the external torque, 7,,;, >> 0, acting in the direction of the 
field (see Fig. 43-1b) causes the rotor to rotate at a speed 
exceeding the field velocity (Q > Q,, s <0). In this mode, 
the field is travelling relative to the rotor in the opposite 
direction, and the active rotor current i,, is also reversed 
(in comparison with the motor action). Therefore, the electro- 
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magnetic torque 
L emi a Bryiea 


balancing the external torque acts against the field and 
is assumed to be negative (Tem < 0). The electromagnetic 
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Fig. 43-2 Performance characteristics of an induction machine (on a 
per-unit basis), with V; = 1, I) = 0.364, cos@, = 0.185, X, = 
X35 = 0.125, Ry = 0.0375, Ry = 0.0425 


power, P.m, and the mechanical power, P,, are likewise 
taken to be negative: 


Pem = Tem@ = Peusls <0 
Pin = Tem2 = Peus (1 — s)/s <0 


The direction of energy conversion is likewise reversed: 
the mechanical power P, applied to the shaft (input power) 
is converted to electric power P, supplied to the external 
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line (output power). Because the power loss is always posi- 
tive (in any mode of operation, it is always dissipated as 
heat), the mechanical power 

Ph = Pem — Pour <0 ats<0 
is greater in absolute value than the electromagnetic power 
(Fig. 43-2): 

[Pal = | Pem | + Poue 

By the same token, the input mechanical power 


P,=P,—SP<0 


is greater in absolute value than the electric power deliver- 
ed to the using line 


[P2l=lPil+ )P 
and the efficiency of the generator is 
= |P,|/|P2|=1— >) P/| Pol (43-2) 


In the braking mode of operation (region B in Fig. 43-2), 
the external torque, Tex, <0, acting against the field (see 
Fig. 43-1c), causes the rotor to run in the direction opposite 


to the field (@<0,s= 4=°~> 14). In this mode, 


the electromagnetic torque, Lem “balancing the external 
torque, acts in the direction of the field, as it does in the 
motor mode of operation (the field is rotating relative to the 
rotor in the same direction), and it is taken to be positive, 
Tem >> 0. However, because 92 <0, the mechanical power 
is negative: 





Py = Tem2 = Pou. (1 — s)\/is <0 
This implies that it is consumed by the machine. The electro- 
magnetic power in this mode is positive: 
Pem = Tem: = Peuz/s > 0 
Therefore, the machine draws it from the supply line. 

The powers applied to the rotor from the supply line, 
| Pem |, and via the shaft, | Py |, are dissipated as heat, 
Pcug, in the rotor resistance, Rj (see Fig. 43-2): 

|Pml + |Pem|] = Peus (s— 1)/s-+ Poua/s = Poug 
=m,R, (I,)? 
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In operation as a brake, an induction machine can be 
used to slow down the lowering of a load by a lifting crane. 
Then 

| P m | aa | T em | 


is delivered to the rotor of the machine (see Fig. 43-1). 

In the ideal no-load condition, the external torque Text, 
the friction and windage torque Try = Prjy/Q, and the 
torque associated with additional (stray) losses, T,q = 
Pq/Q, are zero. The rotor is spinning at the field velocity 
(Q = Q,, s = 0), and does not develop any useful mecha- 
nical power (Tem = 0, Pm = Tem = 0). This condition 
has been examined in detail in Chap. 40. 

At no-load (the open-circuit condition), 


Rin = Rj (1 — s)/s = 00 and I, = 0 


Therefore, the equivalent circuit shown in Fig. 42-3 con- 
tains only one arm, Z, + Zo. (Now the T- and the L-circuits 
are the same.) 

At a short-circuit, the external torque T.,, balancing 
the electromagnetic torque 7. holds the rotor at a stand- 
still (Q = 0, s = 1), and no useful mechanical work is 
done (Pm = Tem = 0). Both ig, and JT. are in the same 
direction as they are in the motor mode of operation, and 
Tem > O (see Fig. 43-1d). The electromagnetic power is 
positive: 

Pem = Tem, > 0 


—it is transferred from the stator to the rotor where it is 
dissipated as heat 
P em — P cuz 


In this mode, an induction machine is operating as a trans- 
former short-circuited on the secondary side, the only dif- 
ference being that instead of a pulsating mutual field there 
exists a rotating mutual field. 

At a short-circuit, 


Rn = Rj (1 — s)/s = 0 
and the equivalent circuit in Fig. 42-3 has an impedance 


given by the parallel combinations of Z; + Z, and Z, + Z;. 
Noting that 


PAL a ae 
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(see Chap. 42), we may discard the arm Z, + Zp and take 
the impedance of the equivalent circuit in the case of a short- 
circuit equal to 


Zse = Zy + Zs — Rg + 1X se (43-3) 
where 
Ree = Ri + Bt 
Xo = X1 + xX; 


If we connect to the rotor of an induction machine at 
standstill a balanced set of additional impedances 


Roaa + iXe,0a 


it will operate as a transformer converting the electric 
energy drawn from the primary supply line into an electric 
energy having other parameters and expended by (Re, aa + 
iXe,aa). This is the reason why at s=1 the mode of 
operation is termed the transformer action. 

The mode of operation or the slip in a given mode of an 
induction machine (at V; = const., and f; = const.) can be 
changed only by varying the external torque, 7 .,;, applied 
to the machine shaft. At T.,;, = 0*, the rotor is travelling 
at the field velocity (Q = @,, and s = 0), and the machine 
performs no useful energy conversion. If the external torque 
T ex, applied to the shaft is in opposition to the field rotation, 
the rotor will slow down until there appears an electromagne- 
tic torque, Tem = f (s), which balances the external torque. 
When this happens, the machine changes to operating as 
a motor 

$= (Q, — 2)/Q, > 0 


Conversely, when the external torque is in the direction of 
the field, the rotor speed exceeds the field velocity, and 
the machine changes to operating as a generator 


s = (Q) — Q)/Q, < 0 


Finally, the braking action can be obtained by causing 
the machine to cease operating as a motor. This is done by 
varying the external torque in such a way that the rotor 
first comes to a standstill, then begins rotating in the 
direction opposite to that of the field rotation. 


* We neglect the friction torque and the torque associated with 
additional losses. 
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43-2 Currents in the Stator and Rofor 
Windings 


The events taking place in an induction machine are func- 
tions of the stator voltage V,, the supply frequency /,, and 
the rotor slip s. 

Given a constant stator voltage and a constant supply 
frequency, the dependence of the quantities associated with 
the operation of an induction machine on the slip is graphi- 
cally represented by performance characteristic curves. 
The equations describing the quantities involved can be 
derived by means of the equivalent T- or L-circuit (see 
Fig. 42-3). 

The stator and rotor currents are found by reference to 
the equivalent L-circuit in Fig. 42-3). 

The magnetizing current is given by 


V. 
| ee 43-4 
OV (Ba + Ro)? F(X + Xo)? co 
The active component of the no-load current is given by 
Vi (Ri +o) 


Tooa= 100 C08 Poo = TRF Ry) (Ka Pa 


where op is the phase angle between Vi and I oo» and 


Rito 
cos Sr 
P00 RE Re Bot 
The reactive component of the no-load current is 
4 3 Vy (X¥,+-X 
Foor = Too 810 900 = TRF AEE 
where 
: — it Xo 
SN" P00 7 RF Rk + ka 


The current in the rotor arm of the equivalent L-circuit 
as defined by Eq. (42-14) is 


I = —TC, = Vi/Z, 
where 
Zs = C12, + C?Z50q = R, + j1X, 
is the impedance of the right-hand arm in the equivalent 
L-circuit; 


R, = c'R, + (c’)? (Ri/s) — c"X, — 2e'e”X" 
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is its resistive component, and 
X, = c'X, + (c')?X, + c"Ry + 2c’c"(Rj/s) 


is its reactive component. — 
The current in the rotor arm is given by 


I =V,/V R24 X?2 (43-5) 
The active component of the rotor arm current is 
Ig, = I cos @y = ViR/(R3 + X?) (43-6) 


where @, is the phase angle between V, and J) and 
cos 9, = R,/V R24 X?2 
The reactive component of the rotor arm current is 
Ig, = I, sing, = ViX,/(R} + X?) (43-7) 
where 
sin @,=X,/V Ri+ X} 
From the current equation applying to the equivalent 
L-circuit 
T= Inn — T/C, =Loo + F; (43-8) 
we can obtain both the active and reactive component of 
the stator current 
Iya = Iooa + doy 


(43-9) 
; Ty, = Toor + Ir 
the stator current 
1=VP+h, (43-10) 
and the power factor relative to the primary supply line 
cos py = 1,,/I, (43-11) 


Plots of I, ~ I) =f (s) and J, = f(s) for an induction 
machine with typical values found by Eq. (43-5) and (43-10) 
appear in Fig. 43-2. 


43-3 Electromagnetic Torque 


In deriving an equation for the electromagnetic torque as a 
function of slip, we shall proceed from the equation, (41-33), 
for electromagnetic power and from the relation between 
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that power and the. copper loss in the rotor, as given by 
Eq. ae 
Tem = Pem/1 = Poug/sQy = m Rj (I})?/sQy 


Using Eq. (42-12) for the rotor current, we can obtain 
an equation of electromagnetic torque as a function of slip 
i A aes. | 18-49) 
em" sQy [(R +e’ Rg/s)? + (X +e" Ra/s)?] 
where R = Ri, —c"X; and X = xy + ¢’X;. In approxi- 
mate calculations, it is safe to take c’ = 1 and c’ = 0, and 
K = Xie — Ay Xx, 

A plot of Tem = = f(s :) at V,, f, and other circuit parameters 
held constant gives what is known as the torque-slip characte- 
ristic of a machine. The torque-slip characteristic for typical 
values of machine quantities is shown in Fig. 43-2. 

At s = 0, when the angular velocity of the rotor, Q, is the 
same as that of the field, Q,, the electromagnetic torque is 
zero, Tem = 0. At s> 0, the electromagnetic torque is 
positive (it is acting with the field). Ats << 0, when Q > Q,, 
the electromagnetic torque is negative, Tem <0 

We take a closer look at the torque-slip characteristic, 
Tem = f(s). To begin with, let us prove that at s< 1, the 
torque-slip characteristic is linear very closely. We shall 
do this by considering the denominator of the torque ex- 
pression. On setting c’ = 1 and c” = 0 and neglecting R,, 
in comparison with R;/s, and X2, in comparison with (R;/s)?, 


we get 
em = m,Vis/RiQy 


With torque plotted against slip, the above equation yields 
a straight line (shown by the dashed line in Fig. 43-2). 
Conversely, if the slip is close to unity, then 


Ri/s & YS R, 


Hence, with an error tolerable for practical purposes, we 
may write 
m,R,Vi 
sQy (X2,-+ R32.) 


The above equation describes a hyperbola (it is shown by 
a dashed line). 

Let us determine what is known as the critical (or maxi- 
mum) slip, s = sy, at which the torque is at its maximum 


len = 
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(or breakdown) value, Tem=Tem, m- To simplify the 
matters, we shall determine s,, at which the variable part 
of the denominator in Eq. (43-12) is a minimum: 


A(s)=s[(R +c’ Ry/s)?+ (X + c"Rj/s)?] 


On equating the derivative to zero and solving the equa- 
tion 
dA (s)/ds = 0 
we obtain 
RlCil  ~ Ry 
V RP X2 0 OV RI X34, 


where R = R, —c"X, , and X = X,+c’X}. Neglecting 
R? in comparison with X 2, introduces an error of about 1% 
in the critical slip. 

As is seen, the torque-slip curve shows two peaks, one in 
the region of positive slips and the other in the region of 
negative slips, respectively corresponding to the “-+-” and 
“” sion in Eq. (43-13) (see Fig. 43-2). 

Practically, the critical slip is a function of only the 
rotor resistance R, and the leakage inductive reactances of 
the stator and rotor, X, and Xj. Therefore, the only way to 
control s,, is to insert a series * impedance in the rotor cir- 
cuit. 

For general-purpose induction machines in sizes upwards 
of 3 kW, the critical slip usually ranges between 0.15 and 
0.3. In special-purpose machines and also in cases where 
a series impedance is introduced in the rotor circuit, it may 
be higher. 

The maximum torque is found by substituting s, as de- 
fined by Eq. (43-13) for s in Eq. (43-12): 





(43-13) 


Sm 





ome me ~~ 20,0, [V RAF XK? + (c’R+0"X)/Cy] 
PU eee. A (43-14) 


2Q, (VW RF Xz + Fi) 


where the “+” sign applies to sm > 0, when Tem m+) > Os 
and the “—” sign applies to Sm < 0, when Tem m(-) < 0. 

In absolute value, the maximum torque at negative slip 
is substantially larger than the maximum torque at positive 
slip | Tem,m-) | >| Tem,m+)|. It is interesting to note 
that Tem,m is strongly dependent on the applied voltage 
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squared and the leakage inductive reactance X.,., but is only 
slightly affected by the stator resistance A,, and is in- 
dependent of the rotor resistance A}. Variations in the latter 
only tell on the critical slip, sp [see Eq. (43-13)]. As the 
rotor resistance is increased, the maximum torque, Z'em,m(4); 
shifts on the diagram to the right, but remains unchanged 
in magnitude. 

An important point on the torque-slip characteristic 
is the point where s = 1. It corresponds to the instant 
when the rotor is at a standstill (Q = 0, s = 1) prior to 
starting. Accordingly, the torque corresponding to s = 1 
is called the inherent (or static) starting torque. An expres- 
sion for it can be deduced from Eq. (43-12) on substituting 
s=1: 


_ mRiVi Pe es : 
Poms = DRT OT TORE © Bhat ae) OF) 


43-4 Active and Reactive Power 


The active power drawn from the supply line can be expres- 
sed in terms of the active stator current which is a function 
of slip, using Eq. (43-9): 


Py = mVy, cos Qi = MVilig 


The electromagnetic power can be expressed in terms of 
the rotor copper loss or electromagnetic torque, using 
Eqs. (41-33), (41-36), and (43-12): 


Poem = Pi — Pow — Pe = Peuels = Tem: (43-16) 
where P, m Rol = stator core loss 
Pou mR} = f(s) =stator copper loss 
Cuz = 4k} (I ;)” =f (s) = rotor copper loss 
If we take as a unit power the rated total power of a ma- 
chine 


Siz = mVirlir 
and as a unit torque 
Lema = Sy p/Qy 


we shall obtain identical per-unit expressions for both 
the electromagnetic power and the _ electromagnetic 


8—0240 
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torque: 
R 40V% i 


Pom, «= Tem/T1 = Re Rule + ket RG 
= Poni Sa n= Pash 


Therefore, the torque-slip and the power-slip characteristics 
plotted in Fig. 43-2 on a per-unit basis are identical. 

The mechanical power developed by the rotor can be 
found from Eq. (41-36): 


_ = (1—s) m,R2V? 
Pa=(1—8) Pem = STR Fe Ryle (K+ ORT 


= Tem (43-17) 


The power-slip curve crosses zero twice (see Fig. 43-2), 
namely at s = 0 (when T., = 0) and at s = 1 (when Q = 0). 
The useful mechanical power available at the shaft of 
a machine, P,, is found by accounting for the additional 
(stray) losses P,q and the friction and windage losses Prjw, 
which should likewise be found as functions of slip: 


Py = Py — Paa — Pryw (43-18) 


Whatever the mode of operation and whatever the direc- 
tion of energy conversion, an induction machine always 
draws from the supply line a reactive power required to set 
up the mutual rotating field and leakage fields. The reactive 
power drawn by an induction machine from the supply line 
is given by 


Q1 = m Vz, sin Gy = MVyy, (43-19) 
where J,, = f (s) is from Eq. (48-9). 


The total reactive power is the sum of the reactive powers 
required to set up the mutual rotating field 


Qo = mX I? (43-20) 
the stator leakage field 
Qo => mX J} (43-21) 


and the rotor leakage field 
Qo2 = mX, (I;)? (43-22) 
where J; = f(s) is from Eq. (42-12). 
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43-5 Stray Electromagnetic Torques 


Apart from the principal electromagnetic torque produced 
by the interaction of the fundamental mutual field with 
the currents induced in the rotor (see Sec. 43-3), the rotor 
of an induction machine is additionally acted upon by sever- 
al minor or stray electromagnetic torques arising from 
various physical sources. In many cases, such torques have 
an appreciable effect on the torque-slip characteristic of 
the machine. Because the calculation of stray torques invol- 
ves elaborate and widely varying techniques, we shall 
limit ourselves to a qualitative explanation of their origin. 

Induction stray torques. In their origin, they are analogous 
to the principal electromagnetic torque and only differ 
in that they arise from the interaction of the higher harmo- 
nics of the stator field (and also the lower harmonics in 
the case of fractional-pitch windings) with the currents 
induced in the rotor winding. The most noticeable induc- 
tion stray torques are those produced by the stator tooth 
(slot) harmonics of the order v = (Z,/p) +1. The peak 
value of the associated flux density, 


Byym = oF mC y/bk 52 


is especially high not only because the winding factors in 
the mmf equation 
Rie V2 mlywikavkpy 
Le wTpV 

are close to unity and are the same as the winding factors 
for the fundamental field (kg, = kg, and kp, = kp,), but 
also because these harmonic fields build up owing to the 
stator saliency (the slotting effect). For an open-slot stator, 
the saliency factor C,, may be as high as 3 or 4 (see Sec. 25-6). 

As an example, let us consider a three-phase induction 
machine for which m, = 3, q, = 1, p = 2, and Z, = 2pmy,q, 
=12. In this machine, the order of the tooth harmonics is 


v = 12/2+1 


that is, v = 5 and v = 7. The 7th harmonic rotates in the 
same direction as the fundamental at Q, = Q,/7. The 
oth harmonic rotates in the opposite direction at Q; = 
—Q,/5. 

When the rotor is at standstill, the 7th harmonic travels 
relative to the rotor in the same direction as the fundamen- 


8% 
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tal and produces a torque, Tem, > 0, which acts in the 
same direction as the principal torque (Fig. 43-3). As the 
angular speed of the rotor builds up, the slip 


relative to the rotor decreases until it reduces to zero at 
Q = Q, and s = 6/7. Now the 7th harmonic is stationary 
relative to the rotor, no cur- 
rents are induced, and Ten. 7= 
0. As the angular speed of the 
rotor relative to the 7th harmo- 
nic keeps rising, Q> Q, (s, 
<0), the machine goes into 
the generator mode of opera- 
tion, and the electromagnetic 
torque is reversed, Tem, <0 
(see Fig. 43-3). The 5th-har- 
monic torque, Tem, depends 
on the angular speed of the 
rotor in a similar manner, but 


Fig. 43-3 Stray induction tor- now the slip 
ques associated with higher har- 
monics 8, = (Q, — Q)/Q, 





i -lis reduces to zero at Q = —Q,/5, 
that is, in the region of brak- 
ing action for the fundamental 
component, where s=6/5>1. 
The other harmonics of the 
stator field likewise produce 
stray induction torques, and 
the resultant electromagnetic 


Fig. 43-4 Equivalent circuit of torque is their sum 
an induction machine for the 
vth harmonic of the magnetic Tow = Temi t+ Least lem 


field 
+ Temi + Temst+--- 


The stray induction torques distort the waveform of the 
principal electromagnetic torque. 

The distortion is most severe at low rotational speeds 
where the stray induction torques associated with the high- 
er harmonics are maximal. The “dips” in the starting tor- 
que curve make the starting of the motor more difficult, 
and a condition, known as crawling, arises. 
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Quantitatively, the stray induction torque associated with 
the vth space harmonic field may be evaluated by reference 
to the equivalent circuit in Fig. 43-4. This equivalent cir- 
cuit is developed by analogy with that for the fundamental 
in Fig. 42-3a. The stator current J, is assumed to be fixed. 
At any angular rotor velocity, it depends on the processes 
associated with the fundamental space component and is 
found from Eq. (43-8). The angular rotor speed 2 and the 
slip for the vth harmonic, sy = (Q, — )/Q,, where Q, = 
+ Q,/v, are also fixed. 

From the equivalent circuit, the referred current J3, 
induced by the vth harmonic field in the rotor winding is: 

rt I iXov 

faye Be leet ge kay) 
As is seen, —J3, is a fraction of J,, and is a function of both 
Sy and the resistance of the equivalent circuit. Xo, is the 
mutual inductive reactance of the stator associated with 
the vth harmonic field. X{, is the referred leakage inductive 
reactance of the rotor for the vth harmonic field. Rj, is the 
referred rotor resistance for the vth harmonic field (with 
allowance for the current crawling at fey = f,Sy). 

At sy = 0, when the rotor is travelling at a synchronous 
speed relative to the vth harmonic, J}, = 0, and the mag- 


netizing current I ov Which produces the resultant vth har- 
monic field is the same as J,. At s, 5&0, there appears in the 


rotor a current, I 2y, Which weakens the stator field, and the 
magnetizing current is reduced, 
Toy =I, = (—Ipv) 

The stray induction torque due to the vth harmonics 
of the stator field can be found, using Eqs. (41-33) and 
(41-36): 

m1 Rhy (Ib.)? 
lem, v= Pom, /Q, = Pous, y/s,Qy =o 
yon 


As is seen from the equivalent circuit, given J, and s,, 
and assuming that all the other conditions are equal, I, 
and Jem, increase with a decrease in X,,. Therefore, in 
a wound-rotor machine displaying a very high leakage at 
any higher field harmonics, J}, and Tem, y are very small, 
and their distorting effect may be neglected. This can be 
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explained as follows. Firstly, a wound-rotor machine has 
very low winding factors for the tooth (slot) harmonics 
of the stator field, so that these harmonics induce very small 
emfs in the rotor winding. Secondly, I}, induced in a phase- 
wound rotor produces, in addition to the small vth harmo- 
nic field, a fairly strong fundamental field which acts as 
a leakage field with respect to the vth harmonic. 

In contrast, in a squirrel-cage rotor, X,, is comparable 
in magnitude with X ,, so J}, induced in the rotor wind- 
ing and the stray induction torques present a real hazard. 
This is because a squirrel-cage structure consists of several 
elementary loops each of which is made up of two adjacent 
bars and the intervening end-ring segments. Such loops offer 
a low leakage inductive reactance, X,,, to the higher field 
harmonics. An increase in the number of bars, Z,, and 
a decrease in loop width bring about a decrease in Xj, 
and an increase in “dips” in the torque-slip curve. This, too, 
might lead to crawling. ; 

To avoid a noticeable distortion of the torque-slip cha- 
racteristic, it is recommended that Z, should be less than 
Z,. The detrimental effect of the higher harmonics on the 
torque-slip characteristic of an induction machine can be 
reduced, if the rotor slots (bars) are skewed by one stator 
tooth (slot) pitch. In the case of a squirrel-cage rotor with 
insulated bars skewing substantially reduces the currents 
induced by the stator slot (tooth) ripples in the rotor wind- 
ing and removes nearly all “dips” from the torque-slip 
curve. 

In a squirrel-cage rotor with uninsulated bars, skewing 
is ineffective in minimizing the effect of the higher har- 
monics. This is because in such a case transverse induced 
currents would flow between adjacent bars via the rotor 
teeth and introduce further losses. This is why skewing by 
a tooth (slot) pitch is nearly never used, although skewing 
by a half-tooth pitch can be used in some exceptional 
cases. 

Synchronous stray torques. These minor torques are pro- 
duced under certain conditions due to the interaction of two 
higher harmonics of the same order v, one of which is pro- 
duced by'the stator current J, at frequency f, and the other 
by the rotor current J, at frequency f, = sf,;. They are in- 
dependent harmonics, because neither is induced by the other. 
They owe their origin to the stator and rotor currents, ‘J,. 
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and J,, produced by mutual induction at the fundamental 
frequency of the field. 

Proper insight into the matter can best be given by an 
example. Consider the case where a synchronous torque is 
produced by the most pronounced tooth (slot) harmonics. 
Suppose that the stator has m, = 3, gq, = 1, 2p = 6, and 
Z, = 18, whereas the phase-wound rotor has m, = 2, gq, = 
2, and Z, = 24. Then the lowest tooth harmonics due to 
I, will be of the order v, = 
ZJ/p+&1= 18/38 +1=7 
(for the harmonic travelling 
in the forward direction) 
and 5 (for the harmonic 
travelling backward). 

The lowest tooth harmo- 
nics due to J, are of the 
order v, = Z,/p+1 = 24/3 
+1=9 and 7 (for the for- 
ward and the backward 
one, respectively). 

As is seen, the forward 





stator harmonic and _ the Ne 52 
backward rotor harmonic are 
of the same order, Fig. 43-5 Interaction of the inde- 


pendent vth stator and rotor har- 
monics developing stray synchro- 
nous torques 


v=¥, =v, =7 


The forward stator harmo- 
nic with a peak flux density 
Biym rotates at Q,/v (Fig. 43-5). The backward rotor harmonic 
with a peak flux density By ym rotates at 


(—sQ,)/v = —(Q, — 2)/v 
relative to the rotor, and at 
Q — (Q, — Q)/v 


relative to the stator. Relative to the rotor harmonic, the 
stator harmonic is travelling at 


Qy=Qyv— (2 — H=*) 


Thus, in an arbitrary steady state, such that Q,, 40, 
the stator and rotor harmonics are rotating out of synchro- 
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nism, and their relative position defined by the angle 
Viz = Qyot 

is changing continually. This gives rise to a continuous 
change in the electromagnetic torque Tsync, y produced by 
the interaction between the stator-harmonic poles N, and 
S,, on the one hand, and the rotor-harmonic poles V, and 
S., on the other. This torque changes sign periodically, is a 
function of the electrical angle a5, = vpyi2 between the 
harmonics and varies as the sine of that angle 


Tsync, = T sync,v.m SID Qjoy 


At a2, equal to zero or =, when the unlike or like poles 
are opposite one another, 


Isync,v = 0 
At 12 = 1/2, the torque on the rotor is a maximum 
T sync,v = I sync,v,m 


and is directed with the rotation. At a ,, = —z/2, the 
electromagnetic torque has a negative peak value: 


T sync,v = T'sync,v,m 


The average value of T sync, y alternating in magnitude and 
sign at @.y = yp®,, is zero and has no effect on the rota- 
tion of the rotor because the latter has a large mechanical 
inertia. 

The interaction of a stator and a rotor harmonic produces 
a synchronous torque only when they are stationary rela- 
tive to each other. This occurs at a certain definite angular 
velocity of the rotor 


Qeyne, v= 20,/(v + 1) = 2Q,/(7+ 1) = Q,/4 


which can be found on setting 2,, = 0. At this angular ve- 
locity of the rotor (Fig. 43-6), either a positive or a negative 
synchronous torque is produced, depending on the relative 
position of the stator and rotor harmonics. Its value lies in 
the range 


— Fgync,v,m Sl sync,v! sync,v,m 


A synchronous torque might cause the rotor to lock at 
starting or fail to come up to the normal speed (the crawl- 
ing condition). In contrast to an induction torque which 
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exists over a relatively broad range of angular velocities, 
the effect of a synchronous locking torque is felt for a very 
short time at starting, as the motor passes Q.yy-,y, and it 
can be overcome by the kinetic energy stored by the rotat- 
ing rotor. Because of this, synchronous torques are less 


Tem 





2, pega 


Fig. 43-6 Stray synchronous torque due to the vth stator and rotor 
harmonics 


troublesome than induction torques, and they have to be 
reckoned with only when they are likely to be developed 
at Qsync,y = 0. 

Synchronous stray torques are at their strongest when the 
lowest tooth (slot) harmonics of the stator and rotor are of 
the same order, that is, when 


y=Z/p+1=Z/pt1i=v, 


This can occur with two combinations of stator and rotor 
tooth numbers. When Z, = Zz, the stator and rotor harmo- 
nics travelling in the same direction will be of the same 
order. When Z, — Z, = +2p, this is true of the stator and 
rotor harmonics travelling in the opposite directions. In 
the former case, the stator and rotor harmonics are travel- 
ling in synchronism with the rotor at standstill. Obviously, 
the rotor does not store any kinetic energy and should the 
synchronous torques exceed the fundamental starting tor- 
que, the rotor will fail to start rotating. The latter case 
has already been examined earlier. 
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As follows from the foregoing, in order to avoid substan- 
tial synchronous stray torques, it is essential that Z, 4 Z, 
and Z, — Z, #4 +2p. The detrimental effect of stray syn- 
chronous torques on the torque-slip (or torque-speed) char- 
acteristic of an induction machine can be minimized by 

skewing the rotor slots by a 
rotor tooth (slot) pitch. 
Reactive stray torques. The 
YY) Y) Z Y) term ‘reactive’ refers to the 
Ti Ui Gi CH stray torques acting on a fer- 
An 
tic field and tending to turn it 
lp in a position in which the mag- 
netic circuit has a maximum 
Fig. 43-7 Production of a reac- permeance. 
tive torque atZ, = Z, In an induction machine, 
stray reactive torques may be 
developed in two basically 
when the stator and rotor have 
the same number of teeth, 
Z, = Z,; and (2) when the 
lowest tooth (slot) harmonic 
of the stator field has as many 
poles as the rotor has teeth, 
that is, 





Rotor romagnetic body in a magne- 
different cases, namely: (1) 





Fig. 43-8 Production of a reac- 2Qpv, = 2(Z, + =—Z7 
tive torque by a. slot (tooth) PV1 (41 + P) a. 
harmonic of the magnetic field In the former case, the mu- 


tual field tends to position the 
stator and rotor teeth so that they oppose one another, that 
is, when the airgap:has a maximum permeance. In this 
position, the stray reactive torque is zero, T, = 0. When 
the rotor teeth move out of alignment with the stator teeth 
(Fig. 43-7), the rotor is acted upon by a reactive torque 
acting towards the position of a maximum permeance. 
Because of such stray reactive torques, the rotor of an induc- 
tion motor with Z, = Z, fails to start (this is known as 
sticking).. 
In the latter case (Fig. 43-8), the lowest tooth (slot) har- 
monic has a pole pitch 


ty = 2nR/2pv, = nR/(Z, + p) 
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which is the same as the tooth (slot) pitch of the rotor 
too = 2nR/Z, 


Therefore, the rotor teeth tend to take up a position opposite 
the poles of the lowest tooth (slot) harmonic of the stator 
field, that is, where the airgap has a maximum permeance 
for that harmonic. Thus, so long as the rotor is rotating at 
an angular velocity 2 equal to that of the lowest slot har- 
monic, Q, = Q,/v,, and the rotor teeth are positioned rela- 
tive to the harmonic poles as shown in the figure, the stray 
reactive torque will be zero, 7, = 0. When the rotor teeth 
move out of alignment with the harmonic poles, the rotor 
is acted upon by a reactive torque, 7, directed towards the 
position of a maximum permeance. This reactive torque is 
developed at a certain definite angular velocity, Q = Q,, 
and affects the torque-slip (or torque-speed) characteristic 
of the machine in the same manner as the stray synchronous 
torque (see Fig. 43-6), For example, when m, = 3, 2p = 6, 
gq, = 1, and Z, = 18, the stray reactive torque will be de- 
veloped at 


Z, = 2 (2, + p) = 2 (18 + 3) = 30 or 42 
and at a rotor speed equal to 
Q = —2Q,/5 or Q,/7 


Eddy-current and hysteresis stray torques. In contrast 
to synchronous and induction stray torques, those due to 
eddy currents and hysteresis are associated with the funda- 
mental field rather than its higher harmonics. 

Both eddy-current and hysteresis torques can be traced 
back to what happens when the rotor core is cyclically 
magnetized by the main magnetic field. The eddy-current 
torque, 7T.,, is produced by the interaction of the eddy 
currents induced in the core with the main magnetic field. 
It differs from the principal electromagnetic torque only in 
that the induced currents that produce it are flowing in the 
core body rather than in the rotor winding. 

The generation of hysteresis torque will be discussed in 
more detail in Sec. 63-7 concerned with hysteresis motors. 
This form of torque has its origin in the hysteresis of the 
rotor core material, owing to which the rotor is cyclically 
magnetized with a certain delay from the field travelling 
relative to the rotor. As a result, the fundamental stator and. 
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rotor fields are displaced from each other by an angle 7,2 
which depends on the magnetic properties of the rotor core, 
and their relative position is the same as is shown in 
Fig. 43-5. This figure applies to the case where the rotor is 
travelling more slowly than the stator field, and the attrac- 
tion of the unlike poles (S,; and N, or N, and S,) gives rise 
to a hysteresis torque, 7, = Tym > 0, which acts in the 
direction of rotor rotation. When the rotor is travelling 
faster than the stator field the angle y,. becomes negative, 
and the hysteresis torque acts in the opposite direction, 
Th = —Tum < 0. 

When the rotor is travelling at synchronous speed, the 
angle between the axes of the stator and rotor fields may 
vary between yi. and —7,., and the hysteresis torque be- 
tween Tym and —Tym, depending on the direction of the 
external torque. 

To see how the above torques vary with slip, let us as- 
sume that the mutual flux ©, and, as a consequence, the 
mutual flux density in the rotor core remain unchanged as 
the slip varies. Then the hysteresis loss in the rotor, Py, 
will be proportional to the frequency of cyclic magnetization, 
f. = sf,, and the eddy-current loss, P.,, will be proportion- 
al to fj. Hence, 


Py = SP ho, Pec = $*P eco 
where Py» and Peco are the respective losses at s = 1. The 
electromagnetic powers Py em and Pec, em bear the same 
relation to the respective losses P, and Pec, aS Pem to 
Pou, Eq. (41-36). Therefore, 
Py em = Pr/s = Pa, o 
Pee, em = P,./s = SP ec, 0 
Dividing the electromagnetic powers by the field angular 
velocity &, will give the hysteresis and eddy-current torques 
Ty = Phem/Qy = pPpo/2afy 
Tee = Pec,em/&1 = SpPec,o/ 20h; 
where p is the number of pole pairs. 
As is seen from the equations derived above, the hystere- 
sis torque is independent of the slip. In passing through a 


zero slip, it changes sign relative to the direction of rotor 
rotation. On the assumption that ©, is constant, which is 
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equivalent to neglecting the reaction of eddy currents, the 
eddy-current torque is proportional to the slip. 

Thus, the eddy-current and hysteresis torques aid the 
principal electromagnetic torque in both the motor and ge- 
nerator modes of operation, so they contribute to energy 
conversion. In ordinary induction motors, however, the ro- 
tor core is built up of laminations insulated from one an- 
other and punched from electrical-sheet steel which has low 
hysteresis losses. Because of this, both Ty and T., are small 
and may be neglected in determining the torque-slip (or 
torque-speed) characteristic. 


yy 43-6 The Circle Diagram of an Induction 
Machine 


The rationale of the circle diagram. As the slip varies over 


the range + oo, the primary current phasor, J,, will trace 
out a circular locus (Fig. 43-9), if the impedance parame- 
ters (Ri, X,, Rj, Xj, Ro, and X,) and also V; and f; are 
assumed to remain constant. This circular locus, known as 
the circle diagram, offers a means for a speedy determination 
of a machine’s performance. 

Let us construct the circle diagram of an induction machine 
with reference to the equivalent circuit in Fig. 42-3c. 

The voltage equation for the rotor arm of the equivalent 
circuit has the form 


V; Bar RJ. + 1X sol, 
where sie = ie : 
Since we have assumed that 
V, = constant, and Xs, = X,; + Xj = constant 
the current J ; will vary due to changes in 
R, = R, + Rj/s 


To prove that, as the slip varies, the locus of I > Will be a 
circle, let us divide the right- and left-hand sides of the 
last equation by jXg, 


—IVi)X so = I (Ro/Xse) I; + I; 
On the right-hand side of the above equation, the current 
Ij, represented in the diagram of Fig. 43-9 by AjA,, is 
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combined with the current —j (R,/X gc) I ; Which lags behind 
rr by m/2. In the diagram, —j (R,/X gc) iE is represented by 
A,D. The sum of zt and —j (R,/Xsgc) I" is equal to an un- 
varying current, —j (Vx/X sc), Shown in the diagram as AgD. 
(The current —jV;/X¢ lags behind V, by x/2.) 


Am(+)= 5m 





~~ Am-)(S= Sm) 


Fig. 43-9 The circle diagram of an induction machine (on a per-unit 
basis), with V; = 1, I, = 0.364, cos poo = 0.185, Xy = X4 = 0.125, 
R, = 0.0375, Ry = 0.0425 


The current phasors Ir and —j (R,;/X ge) I. are the legs 
of a right-angled triangle whose hypothenuse, —jV;/X gc, 
remains unchanged. Hence, whatever the relative magnitu- 
des of J} and —j (R,/Xz-) J}, and whatever the values of 
R, = R, + Rj/s, the right-angle apex A, will always lie 
on a circle with point O,, as centre and with A,D as diame- 


ter. This circle is the locus of the current phasor ir tip. 
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A; To draw this circle, the current phasor pV I Xa: 
corresponding to the circle diameter, is plotted as A,D at 


right angles to Vi. Choosing the length of A,D as appro- 
priate, we obtain a current scale, A/mm, given by 


Cr = (Vy/X 5¢)/A oD 


where A,D is the length in mm. 
As the next step, the centre of A,D is located at point 


Osc, and the circle of constant J; is drawn with O,-A9 as 
radius. 

Now we shall see how the position of A, on the circle can 
be found if we know the slip. 

The angle @, between V,; and J) is a function of the ratio 
R,/Xs,. Let us draw a resistance triangle, A,)R,R, to a 
certain scale. Its horizontal leg A,R is proportional to 
jXsc; its vertical leg RR, is proportional to the resistance 
R, in the rotor arm; its hypothenuse A ,f, is proportional to 
the impedance of that arm 


Z, = R, + IX sc 


As s and R, are varied, the tip of the phasor Z, will trace 
out the resistance line RR,. The angle between A,R, and 
RR, is equal to the angle @, between V, and J}, such that 


tan 9, = X,,/R; 


Hence, the line drawn through points A, and R, will cut 
the circle at point A, (the tip of the current phasor J}). To 
locate point A,, lay off RAR, proportional to R, = R, 
+ Rj/s from point R on the impedance (Z,) line. To deter- 
mine the stator current 


I, = I + ioe 
add to ie the no-load current J o Which lags behind Vi by the 


angle @o9 and is equal to Vil(Zy + Z,). The start of the 


current phasor i oo Will locate the origin O to which the 
voltage phasor may now be shifted. On joining the points 


O and A,, we obtain the stator current phasor J, (the seg- 
ment OA,), which lags behind the voltage by the angle q,. 

Let us mark on the resistance line the points correspond- 
ing to the characteristic values of slip as follows. 
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(1) s=1 (the rotor is at standstill). R, = R,+ R! 
= R,,. For this case, the point on the resistance line gives 
R, and the point on the current circle gives A,. 

(2) s = + co (the rotor is rotating with or against the 
field at an infinitely high speed). Accordingly, R, = Ry, 
which is proportional to RRo. The characteristic points 
are Ro and Aw. 

(3) s = 0 (an ideal no-load condition). Now, R, = ©, 
and the point R,, on moving along the resistance line, 
tends to infinity. On the current circle, this condition is 
represented by point Ap. 

Proceeding in the same way for any other values of slip, 
we shall scale off the circle in units of slip. 

The characteristic points on the circle diagram mark 
the likely regions of operation for an induction machine. 
Within the arc A,A, where the slip varies from zero to unity, 
lies the motor region of operation. Within the arc AA 
where the slip varies from unity to + oo, is the braking 
region of operation. Within the arc A yA oo, where the slip 
varies from zero to — oo, the machine is operating as a 
generator. 

It is important to stress that the circle diagram gives an 
idealized locus of current in an induction machine, because 
it is constructed on assuming that X,_ is constant. Actually, 
the saturation of the magnetic circuit by leakage fields 
causes X,, to decrease as the currents increase. As a conse- 
quence, the actual locus is other than a circle. Fortunately, 
this departure is negligible in the range from no-load to 
full-load current. 

Determination of currents, powers, losses and other quan- 
tities from the circle diagram. In addition to J, and J, = Ij, 
the circle diagram enables the analyst or designer to deter- 
mine the powers, efficiency, and power factor of an induc- 
tion machine as functions of slip. This is done by measur- 
ing appropriate line segments on the circle diagram. 

The stator current is 

I, = (OA,) c 
where c; is the current scale factor. 

The referred rotor current is 


IT, = Ty = (AcAs) er 
In order to determine powers, we need to carry out some 
additional constructions. Let us pass OB parallel to A,D, 
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which is the diameter of the circle, through point O, and 
also A,A, and A,A. through point Ay; the latter two lines 
will cut the circle at the characteristic points A, and Ao. 

Jumping a little ahead, it is to be noted that A,A, is 
called the mechanical power (P) line, AgA4 . is called the 
electromagnetic power (Pem) line or electromagnetic torque 
(Tem) line, and OB is the primary power (P;) line. 

Drop a perpendicular A,B, from point A, on the diame- 
ter A,D and denote the points where the perpendicular cuts 
the characteristic lines as B,, Bo, and B. 

Let us prove that the active power drawn from the supply 
line is represented, to scale, by A,B: 


Py = MVyyq = mM Vyc; (A.B) = cp (A5B) 
where ¢p = m,V,c; is the power scale factor, W mm~. 
The electromagnetic power is represented by A,B.o. 


From the similarity of the triangles, A (4 94,8.) and 
A (Apso), we get 


A,Bo = (RyRoo) (AoA5)/(AoRs) = (Ri/s) (AoA5)/Zs 
Hence, 
Cp (AsBu) = my (R,/s) (Vy/Zs) (AoAs) ¢r 
= my (Ri/s) (1%)? = Pous/s = Pem 


Now we will show that A,B, is proportional to the mecha- 
nical power. Since R,# is parallel to A,B, we may write 


(AsBy)/(AsB 0) = (ReRi)/(RR oo) 
= (Rj/s — Rj)/(Ry/s) = 1—s 
Hence, 
cp (AsB;) = cp (A,Ba) (1 — 8) = Pem (1 — 8) = Pm 


The sum of the magnetic (hysteresis and eddy-current) losses 
and the electric (copper) losses in the stator is proportional 
to BB: 


P. + Pou = Cp (BoB) 
The rotor copper loss is proportional to B, Bo: 
Pour = Pem — Pm = ¢p (BiB ~) 


The electromagnetic torque is proportional to the electro- 
magnetic power: 

Tem = Pen/Q, = (cp/Qy) (A.B w) 
9—0240 
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The power factor, cos g;, can be found from the ratio of 
the powers involved. The efficiency in motoring and generat- 
ing can be found by Eqs. (43-1) and (43-2). The mechanical 
power at the shaft cannot be found directly from the circle 
diagram. Instead, it is deduced from the mechanical power 
on the rotor: 


P, = Pm — Pew — Pag in motoring 
| Pa |= |Pm|+ Prw + Paa in generating 


Using the circle diagram, we can also find Jp, cos Qr, 
Sa, NR» T'em,m, and Tem,s. Under rated conditions, when 
the machine is operating as a motor, point A, coincides 
with point Ap chosen from the specified rated power, PR = 
P,.R, such that 

A,B, => Pm plep 


where A, Ap, Por = Par + Pryw + Paa, and A,B, is 
the intercept of the perpendicular A,B on the diameter. 

The electromagnetic torque is a maximum, Tem, m4) OF 
Tem, m-), When point A, coincides with point An) in 
the case of a positive slip, or with point Am_) in the case of 
a negative slip. At those points, the length of A,B. per- 
pendicular to the diameter and bounded between the circle 
and the electromagnetic power line, 494 .., is a maximum: 


Tem, m+) = (€p/Q,) (AsBo), where A, > Am) 
Tem, m(-) = (¢p/Q,) (AsBoo), where Ay > A,y-) 

When point A, coincides with point A,, the inherent 

(static) starting torque can be found from 
T, = (cp/Q,) (A,B), where A, >A, 

The circle diagram can be constructed from a no-load or a 
short-circuit test, as either can readily be applied to an 
induction machine. From the circle diagram thus obtained, 
it is an easy matter to determine all the intermediate con- 
ditions. 
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44 Starting of Induction Motors 


44-1 Starting of Squirrel-Cage Motors 


Motoring is the basic mode of operation for most induction 
machines. In fact, the other modes are used very seldom 
(see Sec. 48-1). Therefore, the bulk of the commercially 
available induction machines 
are induction motors, although 
they may, at least in prin- 
ciple, be used as generators 
or brakes, as well. 

All induction motors must 
be capable of starting from a 
standstill and coming up to 
a nearly synchronous speed 
against the opposition presen- 
ted by the load. This basic 
requirement is complied with 
differently in different forms 
of the induction motor. 

Squirrel-cage motors. Nearly 
all squirrel-cage motors are 
started by simply connecting 
them to the line at full-load 
(rated) voltage, V; = Viz 
(direct-on-line starting). The Fig. 44-1 Starting of a squir- 
manner in which a squirrel- e!-cage induction motor 
cage motor comes up from a 
standstill (Q = 0, s = 1) to its rated angular speed, Qr, 
depends on its torque-speed characteristic, Tem = f (2), 
and the torque-speed characteristic, T,., = f (Q), of the 
associated load. 

The torque-speed characteristic of an induction squirrel- 
cage motor is shown in Fig. 44-1. The dashed line applies 
to an idealized condition, when we neglect all harmonic 
fields (see Sec. 43-3). The solid curve is the actual torque- 
speed characteristic, plotted with allowance for the effect 
of the harmonic fields (see Sec. 43-5). 

As is seen, the stray torques associated with the harmonic 
fields have a marked effect on the torque-speed characte- 
ristic and bring down the resultant torque at low speed. 


Q* 
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The torque-speed curve of the associated load is shown in 
Fig. 44-4 as the | Tex, | = f (2) curve. The shape of the 
curve depends on the type of driven machine. As a rule, 
| Text | increases with rising speed (to a greater extent in 
the case of fans and pumps, and to a lesser degree in the 
case of metal-cutting machines). 

If, with the rotor at standstill (Q = 0), the inherent 
starting torque of the motor, 7',, exceeds the torque required 
to put the driven machine in motion, | Tex; |, then, in 
accord with the equation of motion 


Tem + Text = J dQ/at (44-4) 


(where J is the moment of inertia of rotating parts, refer- 
red to the rotor), a positive acceleration, dQ/dt > 0, will 
be applied to the rotor, and it will begin picking up speed. 
This will go on until the sum of T.m and 7 x;, where Tem 
>0 and Tey, <0, vanishes. This will occur at point J 
where the two curves, Tem =f (2) and |Tex:| = f (Q), in- 
tersect. From that instant on, the motor will keep running 
at the rated electromagnetic torque, 7'em,p, and at the ra- 
ted angular speed Q%. 

The starting time, ¢,, can be found by integrating Eq. 
(41-1) graphically 

®R 

pss j J dQ 
ie ‘ Tem+Text 


As an alternative, Eq. (44-1) may be integrated numerical- 
ly, using a computer. 

The starting time is found to be proportional to the shaded 
area under the J/(Tem + Text) = f (2) curve. From the 
equation it follows that the starting time is a function of 
the moment of inertia J of the rotating parts and of the 
sum of the torques, Tem + Tex; (or their difference, Tem 
— | Text |). Although it lasts from a split second to several 
seconds, an important point to remember is that at start- 
ing the primary and secondary currents, J, and J,, are 
many times the rated (full-load) current. On a per-unit 
basis, the static starting current is 


ys =I,/I13 = 5 to 7 


* It is notalways that the point of intersection of the two curves 
corresponds to the rated operating condition. 
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As is seen from Fig. 43-2, it slowly goes down as the slip 
increases. Therefore, should the electromagnetic torque be 
insufficient (and the difference Tem — | Text | too small), 
the starting time may be stretched out so that the windings 
may be overheated. 

According to relevant Soviet standards, the ratio 
Tem,m/T em,p for general-purpose industrial induction motors 
must be anywhere between 1.7 and 2.2, and the ratio T;/Temr 
should range between 0.7 and 2.0. Also, the ratio of Tmin 
(Fig. 44-1) to the rated torque must be not less than from 
0.6 to 1.0. Should the minimum torque be too small, the 
load torque-speed curve may cut the motor torque-speed 
curve at point JJ. At that point, the angular speed falls 
below the rated value, and the motor would fail to come up 
sufficiently close to the synchronous speed, 2. 

When “direct-on-line” starting is used for large squirrel- 
cage motors, the power supply, especially one of low capa- 
city, may be adversely affected. The voltage V, may “dip” 
excessively, and other loads may suffer a malfunction. In 
such a case, the starting current may be brought down by 
inserting a reactor or an autotransformer between the motor 
and the supply line. It should however be remembered that 
a decrease in V, at starting leads to a sizeable reduction in 
the starting torque because it is proportional to the voltage 
squared. This is the reason why “direct-on-line” starting is 
inapplicable to squirrel-cage motors operating under severe 
starting conditions (when | 7.x; | is very large). 


44-2 Phase-Wound Induction Motors 


The starting performance of a phase-wound induction motor 
can be improved by inserting an external resistance in the 
rotor circuit at starting. The starting resistance R,, is 
connected to the rotor resistance Ry, by means of slip 
rings and brushes. The rotor phase resistance is the sum of 
these two values: 


Rox + Re = R, 
At starting, it is essential to bring down the static start- 
ing current 
I, Yi 
sSm™ "AS Se eee 
V (Ry + By)? + X2, 
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and to raise the static (inherent) starting torque, Eq. (43-15): 


festa m 1R3V? 
— Q [(Ry+ Rp)? + X2,] 


The starting torque is a maximum when the critical (or ma- 
ximum) slip is 

a oe 

mV RERE 
that is, when the rotor phase resistance is 

Rim =V Ri+ Xic = Xse 
As a rule, Rap < Rim, and the insertion of an external 

starting resistance with Rj, < Ram — Roz in the rotor 
circuit leads to a higher starting torque (compare the start- 


ing torques for curves J and 2 in Fig. 44-2). When Ro, 
= Rom — Roy the starting torque is a maximum (curve 3). 





Fig. 44-2 Staring of a wound-rotor induction motor 


A further increase in Ry, leads to a decrease in the starting 
torque again (curve 4). Physically, this occurs because in 
the range R} < Rom, an increase in R, has a stronger effect 
on the electromagnetic torque than a decrease in the start- 
ing current 
Ts © mRUT3/Qy 

If the external starting resistance can be set to several 

consecutive values, 
Rog = Rag) < Rae) < Raay < Raw 

several torque-speed (or torque-slip) characteristics (cur- 


ves J, 2, 8) can be obtained, having all the same maximum 
torque, but differing in the critical slip (Fig. 44-2). 
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Curve 7 is the natural torque-speed characteristic. In this 
case, the starting resistance is brought out of circuit, and 
Roa) = Rox. In the course of starting, the resistance is 
moved from step to step at the instants when the difference 
between the electromagnetic and load torques is a maximum. 

Before a phase-wound motor is connected to a supply 
line, a resistance is inserted in its rotor circuit, so as to 
ensure a maximum starting torque (curve 3 for R.3)). The 
motor begins to pick up speed, because Tem > | Text |. At 
the instant when curve 3 cuts curve 2, the starting resist- 
ance is set to Ry»), and the motor is picking up speed along 
curve 2. The transition to the natural torque-speed charac- 
teristic (curve 7) proceeds in a similar way. Under the steady 
state, the motor is running at a point on the natural tor- 
que-speed (torque-slip) curve, where Temp and Qr exist. 

Wound-rotor motors can be used under the more severe 
starting conditions than squirrel-cage machines. Unfortu- 
nately, they have to be fitted with slip-rings and brushes 
for the insertion of an external starting resistance, and this 
results in a higher manufacturing cost and a lower reliabili- 
ty in service. 


44-3, Squirrel-Cage Induction Mofors with 
Improved Starting Performance 


At starting, no resistance can be inserted in a squirrel-cage 
rotor as this is done in wound-rotor machines. Yet, the 
starting performance of squirrel-cage motors can be improv- 
ed in more than one way. One is to increase the effective 
resistance of the rotor winding by utilizing the skin effect 
in the bars of the squirrel-cage structure. This effect mani- 
fests itself at the beginning of starting, when the rotor cur- 
rent frequency, f. = sf,, is close to the supply-line fre- 
quency f;. 

In order to increase the bar resistance at f, ~ 50 Hz (see 
Sec. 31-2), the bar height h must substantially exceed the 
depth of penetration of the electromagnetic field 


A =V 20a = V p/af Wo 
At f = 50 Hz, the penetration depth is about 10 mm for 
copper and 15 mm for aluminium. With h in excess of 2A, 
the effective bar resistance at f, = 50 Hz is hk, =h/A 
times its d.c. resistance, 
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Deep-bar rotors. For deep bars of aluminium, the height 
is usually chosen anywhere between 40 and 60 mm. This 
gives a three- or even four-fold increase in the effective 
a.c. resistance of the rotor winding at 50 Hz. 

The leakage-flux paths for a deep-bar design are shown in 
Fig. 44-3. For convenience of analysis, we may think of 
each bar as consisting of several layers of equal cross-sec- 
tion with a d.c. resistance of Rjayer = Pl/qyayer- Since in- 
ductance is the number of flux linkages produced per am- 
pere, it is obvious that the layers, or parts, of each bar ex- 
tending deeper into the core have higher leakage inductances, 





Fig. 44-3 Current density distribution in a bar of a deep-bar squir- 
rel-cage structure 


Zyayer, than the parts of the bar cross-section lying closer to 
the airgap. Referring to the figure, layer J nearer the slot 
bottom has a maximum Lyayey; layer JJ lying closer to the 
airgap hasa minimum Lyayer- On the other hand, the mutual 
field has the same flux linkage with each of the bar layers 
and induces in all of them the same mutual emf, sEjayer, 
where Ejayey is the emf at s = 1. Therefore, the current 
density in each layer, or part, of the bar cross-section 
SE \ayer 

q layer/ Riayer + (21sf; Layer)” 

depends on the position of a given bar layer in the slot and 
on the slip. At high slips (s + 1), 2xsf,Dyjayer > Riayer, 
and it plays an important part. In the parts near the air 
gap which have a lower reactance, the current density is 
therefore substantially higher (see the current density 
distribution at s = 1). Conversely, at rated slip (sp < 1), 


Ryayer > 28/1 Lyayer 


J x 
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Therefore, the inductive reactance may be ignored and we 
may deem that the current density is the same in all the 
parts of the bar cross-section (see the curve for s = sp). 






At sp, the current is uniformly distributed over the cross- 
section of the bar, and the effective a.c. resistance of the 
rotor, R,, does not differ from 
its d.c. resistance, Roy). At 1 2 
s= 1, the current occupies 
only a fraction of the total 

rises to Roe). The torque-slip 

characteristic of a deep-bar 

rotor machine is shown in 

Fig. 44-4. Curve J holds for a 

constant resistance, Roc). Y! 

Curve 2 applies to Ra) which 9% % 7 
characteristic of adeep-bar mo- Tistic of a deep-bar induction 
tor in which the resistance of ™°t 

the rotor winding gradually 

rises from Roy) to Re) as the slip is varied from sp to 
s = 1. Most commercially available induction motors are 
built with deep-bar rotors. 

closed slots than those of the other, and separated by a nar- 
row neck (at 5 in Fig. 44-5). 

A double-cage structure may be cast or brazed (welded or 
soldered). In the former case, the slots and necks are filled 
with molten aluminium, and the two cages form a single 
structure. In the latter case, the bars of the outer (starting) 
of the inner (running) cage are made of copper. Frequently, 
the bars in the starting cage have a smaller cross-sectional 
area than the bars in the running cage. This also serves to 
raise the effective a.c. resistance of the starting cage. The 
two cages may be connected to the same end rings, or there 
may be separate end rings for each cage. 


bar cross-section, and the ef- 

fective resistance of the rotor 

exists at any slip. Curve 3 

gives the actual torque-slip Fig. 44-4 Torque-slip characte- 
Double-cage rotors. A double-cage rotor has two squirrel 

cages, with the bars of one cage lying, say, deeper in semi- 

cage are usually made of a material having a high resisti- 

vity (brass or, though seldom, bronze), whereas the bars 
At starting, the frequency of the current in the bars is 

that of the supply line and, for the same reasons as in a 


138 Part Four. Induction Machines 


deep-bar rotor, the bulk of the current is flowing in the start- 
ing cage which has a lower inductive reactance than the 
running cage. This leads to an increase in the effective re- 
sistance of the starting cage and, as a result, to a higher 
starting torque. 

After the motor has come to the rated or nearly rated 
speed, the frequency of the rotor current falls (to a few 
hertz), the inductive reactance of the bars reduces to a 
fraction of their effective a.c. resistance, and the rotor cur- 
rent is shared between the two cages in inverse proportion 
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Fig. 44-5 Torque-slip characteristics of squirrel-cage motors with 
improved starting performance: 


1—wound-rotor motor; 2—round-bar squirrel-cage motor; 3—rectangular deep- 
bar squirrel-cage motor; 4—trapezoidal-bar squirrel-cage motor; 5—doublc-cage 
motor; 6—bulb-bar squirrel-cage motor 


to their effective a.c. resistances. If the running cage has a 
lower resistance than the starting cage, the bulk of the cur- 
rent will be flowing in the running cage. In a cast double 
cage, the current density is distributed practically uni- 
formly over the entire cross-section of the slot. 

Apart from the deep-bar design (at 3 in Fig. 44-5) and 
the double-cage design (at 5 in the same figure), recent years 
have seen the advent of bell-shaped (6) and trapezoidal 
bars (4), especially for high-speed and high-power motors. 
At starting, the rotor current in copper bell-shaped bars is 
crowded into the narrower top part which has a higher 
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effective a.c. resistance, and this serves to raise the starting 
torque. As regards starting performance, bell-shaped-bar and 
double-cage rotors are about equal (see the shaded area 
5-6 in Fig. 44-5). Motors with a trapezoidal-bar rotor (at 4 
in Fig. 44-5) show about the same high starting performance 
s motors with a rectangular-bar rotor (see the shaded area 
3-4). 

Typical torque-slip and current-slip characteristics of mo- 
tors using the various bar designs are shown in Fig. 44-5. 
All motors have the same power rating, the same inherent 
starting current, and the same rotor loss at full (rated) load. 
For comparison, the figure also shows the natural torque- 
slip characteristic (curve 7) of a wound-rotor induction mo- 
tor. The shaded areas give the ranges of improved starting 
performance for motors using the various bar designs. As is 
seen, the increase in starting torque due to the use of special 
bar designs is accompanied (owing to an increase in X., the 
leakage inductive reactance of the rotor) by a decrease of 
15% to 25% in the maximum electromagnetic torque and a 
decrease of 4% to 6% in the power factor as compared 
with motors using a round-bar rotor. 


45 Steady-State Performance 
of Induction Motors. 
Speed Control 


45-1 —_ Loading Conditions. Stability 


When properly started (see Figs. 44-1 and 44-2), an induc- 
tion motor must come up to a speed such that it will be 
running at rated (full) load (point 7) or less than rated load 
(point Z7Z lying on the characteristic curve between the 
no-load point where Tem = 0 and Q = ,, and the rated- 
torque point where Tem = Temp and 2 = Qa). 

For short intervals of time, the load may be such as 
exists at point JV which lies between points (T'em,p,2r) 
and (Tm, 2m) at torques exceeding the rated value (Tem 
> Tem,r), but lower than the maximum (breakdown or 
pull-out) torque (Ten < T m): How long a motor may be 
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allowed to run in such a condition depends on the amount 
of heat dissipated in the windings. 

Long-term operation at the intersection of the motor 
and load torque-speed curves, Tem = f (2) and Tex, = f (), 
is permissible only if a chance departure of speed from the 
steady-state value produces a torque, Tem + Text, on the 
rotor which will restore the previous steady-state speed. 

The condition for stable operation can he written in terms 
of changes in (or derivatives of) torques, | d7., | and 
| dT ext |, assuming the same departure of speed, d2, from 
the value at the intersection of the two torque-speed curves, 
say, at point J in Fig. 44-1 or 44-2. 


If 
d|T 
d|Texe| =e! dQ > d|Tem| 
and, aS a consequence, 
d|Textl d|Tem| 
da dQ 
the operation is stable. If, however, 
d|Text| < Alfem| 
dg2 dQ 


the operation is unstable. For example, at point J where 


d|Text| d|Tem| 
ig o> an 


the operation is stable. Should, by any chance, the speed at 
point J rise to (Qp + dQ), the electromagnetic torque Tm 
would fall off, because 


on <0 


whereas the external (or ae torque 7,;, would go up, 
because 


ol ext! >0 


The rotor would be acted upon by a negative torque 
m — | Text | = +d| Tem | — 4| Texy-| <0 
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and there would be a negative acceleration (deceleration) 
which would cause the rotor to slow down until it goes back 
to its previous speed, Qkp. 

The operation will likewise be stable at point J/J or IV 
within the effective part of the torque-speed characteristic 
under the most commonly encountered load torques. Con- 
versely, it can be shown that the operation at point V is 
unstable. This may happen when a sudden fall in supply 
voltage is followed by a sudden voltage recovery. At this 
point, 

d| Text! d|Teml 
aa "da 


A chance increase in speed, dQ > 0, 
Tem — | Text] =4/1 Ten |—4| Text | >0 
and there would be a positive acceleration 
dQ/dt > 0 


causing the rotor to pick up speed until a stable condition 
arises at point JV in Fig. 44-1 or at point J in Fig. 44-2. 
A chance decrease in speed, dQ. < 0, the unstable condition 
at point V will change to a stable condition at point JJ in 
Fig. 44-1 or to a short-circuit (Q = 0) in Fig. 44-2. 


45-2 Performance Characteristics of an 
Induction Motor 


An induction motor of a particular power rating may ope- 
rate in actual service under loads varying from no-load to 
full load. Therefore, it is required that it should have a 
sufficiently high efficiency and power factor not only at 
rated load, but also at half the full load. An increase in 
efficiency leads to a decrease in the active power, P, = P,/n, 
drawn by the motor. An improvement in the power factor 
cuts down the total power, S, = P,/cos g,, owing to a 
decrease in the reactive power, Q, = S, sin g, = P, tan 4). 
In either case, there will be a decrease in the current drawn 
from the supply line 


I = S,/mV, = P,/m Vin COS Pi 


in the capacity of the synchronous generators that must be 
installed at the supply power station, and in the losses 
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occurring in the transformers and networks conveying elec- 
tricity to loads. In the final analysis, there will be a cut- 
down in the operating costs of the motor. 

The efficiency and power factor of a motor can be im- 
proved in one of several ways. For example, we can use 
better magnetic materials (those with reduced specific loss 
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Fig. 45-1 Performance characteristics of an induction motor 


and increased permeability), reduce the air gap between 
the stator and rotor to a permissible minimum (0.3-1.5 mm, 
depending on the power rating of the motor), or bring down 
the electromagnetic loading (current density in the wind- 
ings and magnetic flux density) by scaling up the motor. 
Unfortunately, this would raise the manufacturing cost of 
the machine. 

In designing an induction motor, its efficiency and power 
factor are most frequently adjusted through a suitable 
choice of materials so as to minimize the sum of the manu- 
facturing and operating costs. 

The performance of a motor under varying load conditions 
is usually presented in graphic form as plots of n, cos @,, Py, 
Tem; 8, and n versus power output, P,. Typical performance 
characteristics of an induction motor (plotted on a per- 
unit basis) are shown in Fig. 45-1. 
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The performance characteristics of a motor can be cal- 
culated, derived from the circle diagram (see Chap. 43), or 
obtained by experiment. 

As is seen from the circle diagram (see Fig. 43-9), varia- 
tions in load (represented by the mechanical power, P, ~P,»), 
are accompanied by variations in J, and g,. As P, increa- 
ses, the power factor changes from cos Qp at J) to its maxi- 
mum value, COS @max, at J; whose phasor is tangent to the 
circle. As a rule, the power factor is a maximum at a cur- 
rent close to rated (see Fig. 45-1). The rated power factor is 
anywhere between 0.7 and 0.9. As load goes down to about 
50%, the power factor falls off by 0.1. 

As in transformers (see Sec. 6-3), the efficiency is a maxi- 
mum when the constant losses (Pc, Pry), which depend on 
load but little, are equal to the varying losses (Pow, Pocus, 
and Pq) which vary with load. 

A motor is usually designed in such a way that the effi- 
ciency is a maximum when the actual load is less than the 
rated, or full, load (in Fig. 45-1,5 » = jmax at P./Pop 
= 0.7). If this requirement is met, the efficiency will re- 
main nearly constant and equal for general-purpose indu- 
strial motors to 0.75-0.95 as the load varies from 50% to 
full. 

Variations in load entail insignificant changes in the rpm 
of the motor, usually from n = nm, to np = ny (1 — Sp), 
that is, by as few as several per cent. Such a motor is said to 
have a flat speed-power or speed-torque characteristic. 


45-3 Methods of Speed Control 


Speed control refers to a deliberate change in the rotor speed 
Q by the operator. It is presumed that speed control leaves 
the torque-speed or torque-slip characteristic unchanged. 
Because 


= Q, (1 — s) 


the speed can be controlled in any one of two ways, namely: 
(1) by varying the angular field velocity Q, or (2) by va- 
tying the slip, s. 

In turn, the angular field velocity defined as 


Q, = 2nf,/p 
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can be controlled by (4) change of the line frequency /,; 
(2) by change of the number of pole pairs p; and (3) by 
cascade connection. 

Slip control can be effected in several ways which may 
be classed into two groups as follows: (4) slip control by 
causing the slip power sP.y to be dissipated as heat in the 
rotor circuit (this can be done by varying V,, by inserting 
a series resistance or series reactances in the rotor circuit), 
and (2) by recovering the greater part of slip power and 
letting only the smaller part, m,J?R,, be dissipated as heat 
in the rotor circuit (by injecting an auxiliary slip emf into 
the rotor circuit by what is known as cascade connection). 


45-4 Speed Control by Change of Field Velocity 


(a) Speed control by change of the line frequency, f,. This 
form of speed control can be effected only if the motor draws 
its power from a supply with an independently controlled 
frequency. This purpose can be served by variable-speed 
synchronous generators, synchronous and induction fre- 
quency converters, gas-tube and semiconductor rectifiers. 

If the motor is to retain a flat torque-slip (or torque-speed) 
characteristic and a sufficient overload capacity, it is 
essential to control both f, and V, so that the magnetic flux 
remains unchanged 


@O ~ V,/f, = constant 


This requirement can be satisfied if the actual frequency is 
comparable in magnitude with the rated frequency. 

Speed control by change of supply frequency is mostly 
employed for a group of identical squirrel-cage motors, such 
as used in roller-table drives. This form of speed control 
permits a wide range of change (from 10-to-1 to 412-to-4), 
but the cost of the scheme is relatively high. 

(b) Speed control by pole changing. This form of speed 
control is effected in what are known as multispeed induc- 
tion motors. To this end, a multispeed motor may have two 
stator (or rotor) windings arranged for different number of 
poles. As an alternative, it may have one winding with 
special connections, which can be reconnected simply to 
give two or even three different numbers of poles. The rotor 
is preferably of the squirrel-cage construction so that no 
connection change is required on the secondary. 
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Multispeed motors are used to drive machines where it is 
essential to change their speed in steps (hoists, winches, 
machine tools, etc.). 

A single pole-changing winding is especially simple when 
it is arranged for the number of poles to be changed in the 





Fig. 45-2 Pole-changing winding for two and four poles (2p, = 2, 
2P2 = 4) 


proportion 2:1 (Fig. 45-2). The coil pitch is chosen such 
that with the lowest number of poles (2p, equal to, say, 2) 
it is y = 0.5 t,. Each phase of the winding is divided into 
two identical sections (Fig. 45-2 shows only one phase, A). 
When the winding is switched to have the smaller number 
of poles (2p,), each phase has two parallel paths, and the ad- 
jacent coil groups in the two sections carry currents in the 
opposite directions (see Fig. 45-2a). When the winding is 
switched to have the greater number of poles (2p,=4p, 
equal to, say, 4), each phase has only one parallel path, and 
the adjacent coil groups in the two sections carry currents 
in the same direction (see Fig. 45-2b). The winding has a 
total of six phase terminal leads. 

Balanced windings which can offer three, four or even two , 
different speeds, but with the pole ratios other than 2-to-1 
or 3-to-2, have a larger number of terminal leads and involve 
the use of more sophisticated pole-changing switches. 

Although a multispeed motor has a larger size and is 
more expensive to make than an equivalent single-speed in- 
duction motor, speed control by pole changing is fairly 
wide-spread. 


10—0240 
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\(c) Cascade control. A cascade connection of two induc- 
tion machines, proposed independently by Gérges and 
Steinmetz, is shown in Fig. 45-3. 

As is seen, the cascade consists of two wound-rotor induc- 
tion machines, / and 2, one having 2p, poles and the other, 
2p2 poles. The rotors of the two machines are mounted on 
a common shaft, and the rotor windings are interconnected 





Fig. 45-3 Cascade connection of two induction machines 


and brought out on slip-rings. The circuit has two contact- 
ors, 3 and 5. One serves to connect an external starting 
resistance 4 to the slip rings, and the other is used to con- 
nect the stator winding of motor J to the supply line. Using 
a switch 6, the operator can connect the stator winding of 
motor 2 to the supply line or to close it through another 
external resistance 7. 

The scheme in Fig. 45-3 gives three different synchronous 
speeds of shaft rotation. When motor J is connected to the 
supply line and rheostat 4 is short-circuited upon starting, 
the shaft will rotate at a synchronous speed given by 

Qy = 2nf,/py 
When motor 2 is connected to the supply line and rheostat 4 
is shorted upon starting, the shaft will rotate at another 
synchronous speed given by 

Q. = 2nf,/p2 
(it is assumed that the external, or load, torque is zero.) 
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When both motors in the cascade are running at the same 
time, the shaft will be rotating at a synchronous speed {2,5 
which differs from both Q, and &,. Now the stator winding 
of motor Z is connected to the supply line, starting rheostat 4 
is brought out of circuit, the rolor winding of motor 2 is 
energized from the rotor winding of motor Z, and the stator 
winding of motor 2 (which, in a cascade connection becomes 
its secondary) is shorted or closed through starting rheo- 
stat 7. 

Let the shaft rotate at an angular velocity 2. Then the 
emf induced in the rotor of motor 7 will be /,s, at frequency 


fe = 8:f;, where 
8, = (Qy — Q)/Q, 


is the slip of the first motor, and 
Qy = 2nf,/P1 


is the angular velocity of the flux @, established by the 
stator winding of the first motor. The emf £,s, gives rise to 
a current J, which traverses the rotor winding of motor 2 
and sets up a magnetic flux ®, which rotates relative to the 
rotor of motor 2 at an angular velocity 
Qose = 2fe/P2 = (Q, — Q) py/De 
Since Q,,, is directed in opposition to 2, the M, field rota- 
tes relative to the shorted stator winding of motor 2 at an 
angular velocity 
age — 2 = SpQoee 

where s, is the slip of the second motor. 

If we investigate the last equation together with the 
equation for 02,,,, the speed of the shaft in a cascade connec- 
tion is found to be 

= P32; (4A—sy) 
Pa+ Py (1—S2) 

As Tex, is decreased, s, goes down as well. At Tex, = 0, 
when both T.m and Tem,2 vanish at the same time, s. = 0, 
and the shaft of the cascaded machines is rotating at a 
synchronous speed 


Qi. = Q(s9=0) = Qyp,/(p1 + Pe) = 2xf,/(p1 + De) 


In the circumstances, @, is stationary relative to stator of 
motor 2. 


10# 
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Neglecting the losses in the motors, it is an easy matter to 
find how the electromagnetic power 


Pemi = Tem 1 


transferred across the air gap from stator to rotor in the 
first motor is shared between the two motors. (Now s, = 0, 
Q = O12, and sy = (Q, — Q1»)/0,.) 

Of the total power developed by the first motor, the frac- 
tion directly converted to mechanical power is given by 


Pm = Temi ~ Tem 12 = P emi @19/Q4 


The remainder, proportional to the slip of motor JZ and 
equal to 


Pemi — Pm © Ty (Qy — Qy2) © Poem 


is transferred electrically to the rotor of motor 2 and con- 
verted to mechanical power 


Pye © Tem 212 = 51P emi 
The electromagnetic torque of the two cascaded motors is 
Tem =a Tem + Tem,s 


Tem,1 =. Pemi/Qy 


where 


and 
Tem,2 =a Tem asi/(4 =, 51) 


The reactive power required to magnetize the motors in 
cascade has to be drawn from the supply line. Because of 
this, the power factor of the cascade is reduced. Also, since 
the motor windings are connected in series, the short-cir- 
cuit impedance of the combination is doubled, and its 
maximum (breakdown or pull-out) torque is reduced. 


45-5 Speed Control without Slip Power Recovery 


As we have seen, speed control in the case of squirrel-cage 
motors can only be based on variations in the amplitude or 
symmetry of the supply voltage V, (see subsections “a” and 
“b” below). In the case of wound-rotor motors, speed con- 
trol can also be effected by inserting additional resistances 
in the rotor circuit (see subsection “c” below). Speed con- 
trol by slip control in cases where the slip power, sPem, 
is not converted to mechanical power, but is dissipated as 
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heat in the rotor circuit, is wasteful of power and results 
in a low efficiency. At sufficiently large slips, the sPem 
loss dominates the other losses in the machine, and its 
efficiency is 


1 = Ppl/P, © (Pem — SPem)/Pemn = 1 — 8 


(a) Speed control by variation of the primary voltage. 
The electromagnetic torque of an induction motor is propor- 


tional to the primary voltage 
squared: 


Tem ~ Vi 


(see Sec. 43-3). Therefore, a 
change in V, brings about a 
marked change in the torque- 
slip characteristic of the mo- 
tor. If we arrange so that the 
load torque remains unchanged, 
this will lead to a change in 
the slip. So long as the load 
torque remains constant, the 
slip will vary in inverse pro- 
portion to the primary volt- 
age squared: 


s~i1/V? 


Referring to Fig. 45-4, it is 
seen that Vip, 0.85ViR and 
0.7V 1p respectively correspond 
to $1, Sp, and Sz. 
Unfortunately, speed cont- 
rol by primary voltage change 
suffers from several draw- 
backs, namely the overload 
capacity of the motor is redu- 
ced; as the slip is varied from 
s = 0tos=S,, the speed can 
be controlled within narrow 
limits; the rotor copper loss, 
Poug = SPem = ST em&1, is in- 
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Fig. 45-4 Torque-slip characte- 
tistics with speed control: 


1 —bychange of V1; 2 — by inserti- 
on of resistance in the rotor circuit 





Fig. 45-5 Speed control of a 
three-phase induction motor by 
change of symmetry of the sta- 
tor voltage: 


1 — torque-slip characteristic with 
a balanced set of primary voltages: 
2 — same with single-phase supply 
voltage 


creased. This form of speed control is mainly used on motors 
with a low power output and an increased maximum slip. 
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(b) Speed control by change of symmetry of the primary 
voltage. When the stator winding is supplied with an un- 
balanced set of voltages, the magnetic field in the motor 
may be visualized as consisting of two fields rotating at 
the same speed, but in opposite directions, and having, in 
the general case, different peak values. The total torque of 
the motor is determined by the difference in torques between 
the forward and reverse fields. The torque-slip characteri- 
stics of a three-phase induction motor supplied with an 
unbalanced set of primary voltages lie between the normal 
characteristic obtained when the supply is a balanced set of 
voltages, and the characteristic obtained with a single-phase 
supply (Fig. 45-5). A change in the relative magnitudes of 
the PPS and NPS voltages leads to a change in the torque- 
slip characteristic and, as a consequence, in the slip of 
the motor. 

(c) Speed control by change of resistance in the rvtor 
circuit. An increase in the rotor circuit resistancc, Rg, 
brings about a change in the torque-slip characteristic of 
the motor. More specifically, the maximum slip sm increases 
(see Sec. 43-3), whereas the maximum (breakdown or pull- 
out) torque remains unchanged; the net result is that the 
torque-slip characteristic is drooping rather than flat. 

Referring to Fig. 45-4, it is seen that the insertion of an 
added resistance R, in the rotor circuit causes the torque- 
slip characteristic (curve 2) to change. At « constant ele- 
ctromagnetic torque, this causes the slip to rise from s, 
to Sq. 

In the case of speed control by change of resistance in 
the rotor circuit, the rotor circuit loss, sP.ey, is shared be- 
tween the motor and the adjusting rheostat in proportion to 
their resistances. At large slips when R, ~ Rag, this loss 
is mainly dissipated inthe rheostat (it is equal tosP.,Ra/R,). 
If speed control is effected with T,, and J, held constant, 
the loss in the rotor winding will remain constant. 


45-6 Speed Control with Slip-Power Recovery 


In this speed control scheme, an additional emf, F,, is 
injected into the rotor circuit via the slip rings. This injected 
emf has the same frequency, f, = sf;, as the rotational emf, 
sE,, in the rotor. The source of Z, may be a rotary converter 
or an SCR circuit (see Sec. 68-4). 
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In the general case, E a may be oriented relative to E, in 
any arbitrary manner, and it may be visualized as consist- 
ing of two terms 


Ex = Ex + Ey = bE, + jig 
The magnitudes of the complex coefficients k, and jk, are 
the relative values of FE, and £4; their arguments define 
the phases of FE, and £4 relative to E,. 
The injection, into the rotor circuit, of Ex = E\ = KE. 
which is in phase with E, when k, > 0 and in anti-phase 


with E, when k, <0, offers an economical method of con- 
trolling the rotor speed gradually and over a wide range on 
either side of the synchronous speed. Suppose that prior to 


the injection of E, in the rotor circuit, the slip was s, > 0 


and the emf induced in the rotor winding was s,F, 
(Fig. 45-62). Assuming for simplicity that the slips are 
small and R, >> sX,, we may write 


Z,=V R? + (sX,)? = Ry; tan, =sX,/R, ~ 0; 
I, =8,E,/Z,= s,E,/R, 


and write the original electromagnetic torque given by 
Eq. (42-9) as 


r em, 1— Ripe wa. I 2 COS Bo 


=C7O,,8,E£,/ Ry = CrOml, = Text 


After Ex has been injected, the electromagnetic torque 
can be expressed in terms of the resultant emf 


SH, + AE = E, (s, + ka) 
as 
Ey (8+ kA) 
Ry 
Also, if the load torque, 7,,,, remains unchanged, the ele- 
ctromagnetic torque will likewise remain as it was hefore: 


r em, 2— Cr®,, = CrO,, I. 2 


Tema = Tem, = Text 
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The secondary current, J,, will also remain unchanged, and 
a new operating condition will arise with 


So = 8, — ky 
If s; > k, > 0, the new slip will lie in the range 
0O<s << 
If ka > 5s, > 0, the slip will become negative, s,<0 





sE, (d) fe (e) af (f) 


Fig. 45-6 The effect of an injected emf! in the rotor circuit on slip 
and reactive currents 


(Fig. 45-6b). Conversely, when ky <0, the slip will in- 
crease, S, > s,; >0 (Fig. 45-6c). 
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The injection of By = E‘, = jk,E,, which is turned 
through -+-x/2 relative to E,, gives rise to an additional 


reactive current which can be found on the same assump- 
tions: 


In © Ex/R, = jk, (Eo/Ro) 
When k, > 0, Th leads Bs by 2/2 and contributes to M as 
part of the magnetizing current J). This results in a decrease 


in the reactive component of i and in the phase angle 9, 


(Fig. 45-6d). Conversely, when k, < 0, I a lags behind Poe 
and this results in an increase in the reactive component of 


I, and in the phase angle g, (Fig. 45-6e). If, at k, > 0, the 
current J, is equal to the magnetizing current Jo, the rotat- 
ing field will completely be set up by J, flowing in the 
rotor winding, and there will be no magnetizing current 
flowing in the stator winding. 


It is to be noted that at s << 1 the reactive power required 
to set up the field on the rotor side, 


P< — mI, Ess = ml E\s 
is smaller than the reactive power required to set up the 
field on the stator side 
Pop X Py, = ml Ey 


Accordingly, a smaller reactive-power source will be requir- 
ed to excite the machine from the rotor than from the sta- 
tor side. 


If E, contains both E4 = KE. and Ex = jkxE >, then, 
on the assumptions made, each will act independently of the 
other. More specifically, at a constant torque, E, will cause 


a change in the slip, and E% in the angle g,. The phasor 


diagram applicable to the injection of such an emf, Ea, 
at s; > k, >0 and k, > 0 is shown in Fig. 45-6f. 

If the injection of an emf is accompanied by a noticeable 
change in the rpm and the assumption that R,>sX, 
cannot be adopted, then the rotor current in the initial 
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state and its active and reactive components will be 
Te = E,s,/(R> + JX 05) 
Tua = Ey8,Ro/(R3 a s?X3) 
Toyp = —JEgstX3/(Ri + 82X32) 
Upon the injection of Ex = E, (ky + jk) will be 
Typ = Ey U(sp + Ia) + ihG\M(Ry + 1X 280) 
Toga = Eg (Sq + hh) Ro + Ky Xo8ql/(R? + 52X?) 


Toop = PEg(KAR, — (s + hey) Xo85)/(R?2 + s?X?) 


Assuming, as we did in the approximate analysis, that 
the external torque and the electromagnetic torque remain 
unchanged 

Text eo Tema oe CrP ml o10 = Tem,2 aio CrP ml oa 
we can see that the active components of -current will also 
remain unchanged, I.;, = I... On expressing the currents 
in terms of s, and s,. and solving the equation thus obtained 
ays, — bas, + ca = 0 
we get 
tb, + V R—4aye, 
an 
where a, = 5, tan? B, 
tan B, = X,/R, 
ba = (1 + Ky tan B) (1 + sitan? B,) 
CA = Sy — ky (1 + s?tan? Bo) 
At X,< R, and tan By = 0, when a, = 0, by, = 1, ‘and 
C, = Ss, — ky, the equation for s, is the same as the appro- 
ximate equation. 
In the general case, s, depends on both the active compo- 


nent of the injected emf, E4 = ki Eo, and (though to a les- 


ser degree) its reactive component, £4 = jkinE >. The added 
reactive component of current 


Ty = Is. — ae 
is likewise, in the final analysis, dependent on £4 and 
(although, to a lesser degree) on Ey. 
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#46 Unbalanced Operation 
of Induction Machines 


46-1 Unbalanced Operation due to Unbalanced 
Primary Voltages 


In unbalanced operation, the currents appearing in the sta- 
tor or rotor phases of an induction machine are different in 
magnitude and displaced from one another by a different 
electrical angle. In the case of symmetrical polyphase 
windings on the rotor and stator, current unbalance may be 
caused by any one of two factors: (1) the primary voltage 
system applied to the machine is unbalanced or (2) the im- 
pedances closing the rotor winding are unbalanced. 

We shall begin our discussion by considering first the 
unbalanced operation caused by an unbalanced system of 
primary voltages. We shall do this, using the method of 
symmetrical components. 

If the star-connected neutral points of the stator winding 
are isolated, no ZPS currents or voltages will be produced, 


and the unbalanced system of primary voltages (Var; 
Vn Vex) may be visualized as the sum of PPS voltages 
(Van Vai, Ver) and of NPS voltages (Vis, Vie, Vere) 
such that 

Vig = Vig = (Var + V ma + Ve10%)/3 

Varo = Vie = (Vai + Vara? + Veyay/3 
where 

a = exp (j2n/3) 

Then the currents in the stator winding may be written as 
the sum of PPS currents Cs au = Tee T Bis Tis) and of 


NPS currents ve ‘Aas I one I AI I ciz), respectively produced 
by the balanced sets of PPS and NPS voltages. 


The PPS current J,, in the main stator phase (phase A) 
can be found by reference to the usual equivalent circuit 
of an induction machine (see Sec. 42-4). For convenience, it 
is repeated in Fig. 46-12, with the notation adopted for 
the PPS quantities. The rotor slip relative to the PPS field 
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is given by 
Sy = (Q, — Q)/Q, 


where Q, is the angular velocity of the PPS field, and Q 
is the angular velocity of the rotor. Therefore, the PPS 
current will be 


I 1 = VuilZa 


where 
Zy = (Ry + 7X1) + (2-5 + 27,)7 


is the impedance of the stator phase for the PPS currents 
(see Fig. 46-1a), and 


Za — Ri/s + jx, 


is the impedance of the equivalent rotor at standstill for 
the PPS currents. 


Typ RytHXy yy 7% fig Ryti%y Inn 3X2 





Fig. 46-1 Equivalent circuits of an induction machine [or (a) posi- 
tive sequence and (b) negative sequence voltages 


The NPS current J;, in the main stator phase can be 
found from the equivalent circuit shown in Fig. 46-1b, which 
differs from that for PPS currents only in that it is extended 
to include the rotor slip relative to the NPS field 


ss = (—Q, — 2)/(—Q,) — 2 —s 


where AG Q,) is the angular velocity of the NPS field, and 
Q = Q, (14 — s) is the angular velocity of the rotor expres- 
sed in ‘ering of the slip relative to the PPS field. Therefore, 
the NPS current is given by 


Te = Vie/Z12 
where 
Zy2 = (Ry + §Xy) + (2-9 + Zy)7 
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is the impedance that the stator phase offers to the NPS 
currents (Fig. 46-1b), and 

Zon = Ril(2 — s) + jX, 
is the impedance of the equivalent rotor at standstill to 
the NPS currents. 

In calculating Rj, and Xj for NPS currents in the rotor, 
it is important to remember that their frequency, f.. = 
(2 — s)f,, is many times the frequency of PPS currents 
in the rotor, f,; = sf,, and also to allow for the crowding of 
current in the rotor conductors (see Sec. 44-3). 

Referring to the equivalent circuits of Fig. 46-1, we can 


find PPS and NPS currents Ti and I 12 in phase A and also 
the total current in each stator phase: 


Tan = Ty + Tie 
Ip = Iya? + Iy20 
Te, = Iya + I,,a? 

The current unbalance is caused by the injection of an 
NPS current. The degree of unbalance can be judged from 
the magnitude of the ratio J,,/I,,. If the voltage unbalance 
is insignificant (Vy./V1, << 1), the PPS voltage is at its 
rated value (Vi; =,V zp), and the slip is small (|s |< 1), 
which is typical of the generator or motor modes of opera- 
tion at full load, the current unbalance, J,,./I,,;, can readily 
be expressed in terms of the voltage unbalance, V,./V,,. 
In the circumstances, the machine is operating in the brak- 
ing region relative to the NPS field, because the rotor slip 
relative to that field, s,s = 2 —s =~ 2, ranges anywhere 
between 1 and 2. At s, ~ 2, the equivalent circuit for NPS 
currents in Fig. 46-1b may be simplified in the same way as 
for operation on short-circuit, when s = 41. Since 


| RA/2 + 7X, |< | Zo | 


the resistive and reactive components of the impedance to 
the NPS current 


Zy. = Rip + JXie 
may be written 
Xp, © Xi+ Xy > Xo 
Ry, = Ry + R,/s < Ree K Xs 
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In view of the foregoing, the NPS current at s ~ 2 is given by 
I, = V/V Ri, + X?, Ri iat Ay 12 ~ V,./Xse 


Because Xy. * Xgc is small, J,, may be very heavy even ata 
relatively small value of Vj. 

Since the positive sequence impedance is substantially 
higher than the negative sequence impedance, 


| Zi, | > | Zi2 | 


the current unbalance, J;,/J,,, is many times the voltage 
unbalance, V;,/V,,. For example, under the rated conditions 
for the positive sequence quantities, that is, at s = Sp, 
Vix = Vir; Tit => lik = Virz/| Zuri; the current un- 
balance is 


Ty/Ty (Via/| Z12l) (| ZR Vu) 
& (Viz | Zirzl)/VirX se = VielVirX gsc 
where 
X usc == Xge/| ZR | = Xgclip/ Vir 


is the per-unit short-circuit reactance. Thus, the current un- 
balance is about 1/X,, times as great as the voltage unba- 
lance. At the usually encountered value of Xys, = 0.2, it 
is about five times as great. 

Accordingly, supply lines for induction machines are to 
meet especially stringent requirements as regards voltage 
balance. If we take the temperature rise of the most loaded 
phase as a yardstick, the limit of current unbalance will be 


Ly/Ty => 0.2 
Then the per-unit current in one of the phases may be 1.2, 


and the losses may be 1.44, so that the limit of voltage un- 
balance will be 


Viel Vi4 a (L12/T11) X gsc = 0.2 x 0.2 = 0.04 


Under voltage unbalance conditions, the total electro- 
magnetic torque Tem is the sum of Tem, due to the PPS 
voltage and 7'gm,2 due to the NPS voltage, that is, 


lem od Tem, + Tem,2 
where 
mViiRe 


Fem. = Oy [Ry + RY) XE] 
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and 
m,VieRs 


2) [ (i -+522)’+ x2] 


In the motor mode of operation, when 0 << s <1, Tem, > 0 
and Tem, <0. To retain the same resultant torque under 
voltage unbalance, Tem, must be increased by Tem. This 
leads to an increase in the slip (about aan | en 
— | Tem,2 |) times), increased losses, a higher temperature 
rise, and a reduced efficiency. 


Tema = 





y 46-2 Unbalanced impedances in the Rotor Winding 
Phases 


The unbalance of impedances in the phases of a balanced 
rotor winding may arise under various service conditions. 
In slip-ring (wound-rotor) induction motors, this may be 


V,(F1) Gy V4 (4) 





( 
Tem, 2 


Fig. 46-2 MMFs in the case of an open-circuited rotor phase: 


(a) pulsating rotor mmf and_ its resolution” into forward and backward mmf 
waves; (b) stator and rotor mmfs setting up a’ positive-sequentce field; (c) stator 
and rotor mmfs setting up a negative-sequence field 


caused by the difference in starting resistance between the 
various phases. In squirrel-cage induction motors, impedance 
unbalance may arise from poor workmanship in, say, the 
squirrel-cage structure (the reduced cross-sectional area of 
some bars or a complete open-circuit due to poor casting). 

Impedance unbalance is most noticeable when one of the 
phases is open-circuited (say, phase c in a star-connected 
three-phase winding). In such a case, the remaining phases, 


a and b, carrying a common current, I... = oy be, form in 
effect a single-phase winding (Fig. 46-2a). 
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In such a winding, J,. establishes a pulsating mmf, /’,. 
The axis of this mmf is oriented relative to the winding as 
shown in the diagram, and rotates at the rotor angular velo- 
city, © = w, (4 — s). The frequency of the pulsating mmf is 


the same as that of J a2, and is equal to 
fe = Sh 


where f, is the frequency of the supply line to which the 
stator winding is connected. 

The events taking place when phase c is open-circuited 
can best be analyzed, using the method of symmetrical com- 
ponents. Because the neutral point of the rotor winding is 


not brought out, there is no ZPS current flowing, I ao = 0. 
Nor is there any current flowing in the open-circuited 
phase ec: 


Teg = Igor + Icon = 0 
Hence, the positive and negative sequence currents in that 
phase are equal in magnitude, but opposite in direction 


lee = —Ieo2 


where I,9, = J, is the positive sequence current in the 


e e 
three-phase rotor winding, and J,.5 = tg. is the negative 
sequence current in the same winding. 
In terms of positive and negative sequence currents, the 
currents in phases a and b may be written 


i ree + aly + a7ly, 
=u, V3 exp (— jn/2) 

Tyg = Tog + Lg, = Ol gg + alg 
= —I,, V 3exp (— jn/2) 


As is seen, they are equal in magnitude, but opposite in 
direction (the positive direction of current flow is assumed 
to be from the finish to the start of the phase): 


I, = Tas = =d55 
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The pulsating rotor mmf, Be may be visualized as the 
sum of two rotating mmfs, namely F,;m due to the positive 
sequence currents, J,,, travelling with and relative to the 


rotor at an angular velocity w,s, and F,.m due to the nega- 
tive sequence currents, travelling at w,s, but against the 
rotor. 

The magnetic field in the machine may be treated as the 
sum of the fields associated, respectively, with the positive 
and negative sequence currents in the rotor. The synchro- 
nous field rotating at synchronous velocity w, is produced 
by the joint action of two mmfs, namely the stator mmf 


Fees which is associated with the stator currents T 11 at line 


frequency /, and Form associated with the positive sequence 
currents in the rotor and rotating relative to the stator at 


og. = © + @S = Q, 
The generation of the synchronous field is illustrated in 


Fig. 46-2b. At any slip, thetotal mmf, Fun + ae is such 
that the resultant flux is proportional to the primary (sup- 


ply line) voltage, V,. The interaction of this field with I a1 
produces an electromagnetic torque, Temi, which, in mo- 
toring, acts on the rotor in the same direction as it rotates. 


The rotor mmf, Fyom, due to J, travels relative to the sta- 
tor at @.. = © — @,s = (1 — 2s) a. 

The field set up by the rotor mmf induces in the stator 
winding an emf at 


fog = @g2/2n = f, (1 — 2s) 
For this emf, the stator winding may be taken as closed by 
the infinitesimal resistance of the supply line. Therefore, 
the currents J,, flowing in the rotor winding (which acts as 


the primary for them) give rise to currents J,,. at frequency 
feo in the stator winding (acting as a secondary) connected 
across the supply line. These currents produce an mmf, 
Fiom, Which contributes to the production of a magnetic 
field revolving at @go. 

The production of the backward field rotating at Ws, is 
illustrated in Fig. 46-2c. The interaction of this field with 


11-0240 
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I 12 produces a torque, 7'em,2, acting on the stator in the same 


direction as Ree rotates. A similar torque, Tem,2, acts on 
the rotor in the opposite direction. 
The extent to which Tem. can manifest itself depends 


on the value of slip. At 1 >>s > 0.5, the rotation of Fes sy 
is in the negative direction (@.. <0), and Tem. aids in 
rotating the rotor much as Tem, does. At 0.5>s>0, 


the rotation of Foom is in the positive direction (w,. > 0), 
and Tem. opposes the rotation of the rotor. At s = 0.5, 


Foom is stationary relative to the stator, the slip of the sta- 
tor winding relative to this mmf reduces to zero, and Jy, 


no longer flows in the stator winding (Iy> = 0). This is 
what may be treated as an ideal no-load condition for the 


negative sequence rotor currents J... Because there is no 
reaction from the stator, Jo. 
are the same as the magnetiz- 
ing current Jy.) required to 
set up the negative sequence 
field and take on the lowest 
possible value. At s = 0.5, 
the positive sequence currents, 
equal to the negative sequence 
currents, Ip; = Ing = Iono, 
likewise fall in magnitude in 
the same proportion. 

At s = 0, the condition is 
a short circuit for the synchro- 
nous field and the stator cur- 
Fig. 46-3 Torque-slip characte- rents /,,, the rotor comes to a 
tistics of an induction motor  gtandstill relative to the syn- 
with a rotor phase open-cir- ¢hronous field, and no currents 
cuited : . 

are induced in it, Jp, = Ig. = 
0 and Jy, = Jy40. 

The reduction in J,,; and In, at s = 0 and s = 0.5 leads 
to a proportionate decrease in Tem, and Tem.» and in the 
resultant electromagnetic torque, Tem = ema + lem, AS 
is seen from Fig. 46-3, at s = 0.5, when the angular velocity 
is equal to half the synchronous one, 


o= 0;,(1 —s) = 0.50, 
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the resultant torque may take on a negative value. This is 
the reason why a wound-rotor motor with one phase open- 
circuited weuld cease picking up any more speed on reaching 
half the synchronous speed. When run in such a condition on 
load, the motor would have a reduced power factor, an im- 
paired efficiency, and increased stator and rotor currents, 
so that long-time operation would only be possible if the 
external torque is less than half its rated value, Text 
< 0.57 em,r- 

An open-circuited rotor phase also causes the stator cur- 
rents to beat at a frequency equal to the difference in fre- 
quency between the stator current components, /,, and 
I 12) that is, 


f=h — fee = 2fis 


The distortion of the torque-slip characteristic caused by 
open-circuiting a rotor phase will usually decrease as the 
resistance in the rotor phases is increased. 


47 Single-Phase Induction Motors 


47-1 Field of Application. General Arrangement 
and Principle of Operation 


Single-phase induction motors are inferior to three-phase 

units in performance, and their use is warranted where only 

a single-phase supply is available (mostly in household 

aa such as refrigerators, washing machines, and 
ans). 

The primary is wound single-phase and is dropped in slots 
on the stator core. The rotor is of the squirrel-cage type. 
In fact, the primary may be treated as a two-phase winding 
in which one phase, say phase A (Fig. 47-1a) is open-circuit- 
ed. The remaining phase B operates as a single-phase wind- 
ing which occupies a half of the pole pitch and has a fairly 
high distribution factor 


kas = 2V 2/n =0.9 
The current in the single-phase winding 


ig =V 21,008 wyt 
iis 
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produces a pulsating mmf which can be resolved into two 
revolving waves, a forward wave, Fy4m exp (j@,?), and a 
backward wave, Fim exp(—j@,t). Their peak values are 


Fim = Fiom = Fim/2 =V2 Twykakps/ap 


The forward mmf wave rotates at Q,; = ,/p with the ro- 
tor. The backward wave does so at 2, = —, in the oppo- 
site direction. Relative to the rotor, the forward wave tra- 
vels with a slip equal to 


Sy = § = (Q, — Q)/Q, 
whereas the backward wave does so with a slip equal to 
82 = (—Q, — Q)/(—Q,) = 2—s 
The forward stator mmf induces in the rotor phases a set of 
currents, I 21, Which establish a forward mmf wave in the 





Tay (6) Tae | 


Fig. 47-1 Circuit of a single-phase motor derived from a two-phase 
unit by opening one of the phases 


rotor, Paxti: Since Bove produces a damping (retarding) effect, 
the resultant forward mmf is 


fae =a en + Fata 


The forward revolving field corresponding to the above mmf 
on ee curve has a peak value of By exp [j (a,¢ 
+ @)I. 


Similarly, the backward stator mmf induces in the rotor 
phases a set of currents, Jy., which establish a backward 
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mmf, Foo. Since F eom has a damping effect, too, the resul- 
tant backward mmf is given by 


Foom = Fiam + Foem 
and the corresponding revolving field has a peak flux den- 
sity equal to Bym exp [—j (@,t + @.)]. 

When the rotor is rotating with the forward field (in which 
case s; = s<(1 and s, = 2 — s > 1), the backward field is 
travelling relative to the rotor 
faster than the forward field 
is (s,Q, >> s,Q,), and the ro- 
tor currents dampen it more 
heavily than the forward field. 
As a result, the dominating 
component is the forward field 


Form > Foom and Bim > Bom 


The result is what is known 
as an elliptical revolving field 
whose flux density is given 
by 
B = Bim exp [j (at + o%)] 
+ Bom exp [—j (@,¢ + a,)] Fig. 47-2 Locus of the ellipti- 
Tio. field Awes: iis “mania, induction field phasor 
“elliptical” to the fact that the 
locus of the flux density phasor is au ellipse (Fig. 47-2). 
Its semi-major axis, /-0, represents the maximum flux 
density of the field, 


Bmax aa Bim id Bom 


whereas its semi-minor axis, 2-0, represents the minimum 
flux density 





Brin = Bim = Bom 


It is to be noted that at By, = 0 the elliptical field becomes 
a circular one with a peak flux density Bim (the circle is 
shown dashed in the figure). At Bim = Bom, we have a pul- 
sating field with a peak flux density 2B,, (the ellipse 
contracts to a straight-line segment between points 5 and 6). 

The torque of a single-phase motor is the sum of two tor- 


ques 
: q 
Tem aa Tem,1 + Teme 
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where Tem is due to the forward component of the ellipti- 
cal field, and Tem,2 is due to the backward component of 
the same field. A plot of these torques as functions of slip 
appears in Fig. 47-3. 

When the rotor is at standstill and s = s, = 1, the for- 
ward and backward fields are weakened by the rotor cur- 
rents to the same degree, their peak flux densities are the 
same, Bim = Bam, and there appear two torques, equal in 





Fig. 47-3 Torque-slip characteristic of a single-phase motor (Rj = 
Ry, = 0.05, X; = X, = 0.1, Ry = 0, Xq = 8) 


magnitude but opposite in direction, Tem. = —Temi. Be- 
cause of this, the starting torque of a single-phase motor is 
zero, and it needs some special arrangement to set it going. 

With movement somehow initiated in any one direction, 
an elliptical field is set up, and the dominant torque will 
be one (Tem, OF Tem, 2, as the case may be) associated with 
the field rotating in the direction in which the motor was 
started. 

Referring to the torque-slip characteristic of a single- 
phase motor in Fig. 47-3, it is seen to consist of two equal 
parts, one corresponding to the forward and the other to 
the backward sense of rotation. Ats = 1,s = 0, ands = 2, 
the torque reduces to zero. At s © sm and s © 2 — sm, the 
torque is a maximum. Once the motor is set going by a start- 
ing arrangement in, say, the direction of rotation of the 
Bim field and the electromagnetic torque exceeds the exter- 
nal torque, then, after all transients have died out, the 
motor will have settled to a steady-state operation with a 
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slip, sR, corresponding to the intersection of the Tem = 
f (s) and 7.5, = f (s) curves. 

In a steady state with s = sp, the resultant field in a 
single-phase motor is practically circular, as it is in a three- 
phase motor. However, the rotor currents in a single-phase 
motor weaken the backward component of the field, and this 
leads to increased losses and a poorer performance as com- 
pared with a three-phase unit. Therefore, size for size, a 
single-phase motor will have a power rating which is not 
more than 50% to 60% that of a three-phase motor, and ‘its 
efficiency and power factor are lower. 

Should any phase in the stator circuit of a three-phase 
motor be open-circuited (as a result of, say, the fuse in 
phase C blowing), the remaining two phases, A and B, will 
form a single-phase winding in which each phase belt occu- 
pies two-thirds of a pole pitch, and the motor will keep ope- 
rating as a single-phase unit—a condition fraught with 
grave consequences. Since the transition to single-phase ope- 
tation does not entail an appreciable change in the speed 
and external torque, the mechanical power developed by the 
motor remains unchanged as well: 


P,= Tem,3823 © Tem 121 = Py 
Hence, recalling that in three-phase operation 


P3= V 3 Viinel 33 COS Pz 
and in single-phase operation 

P, = ViineliN1 COS 1 
we may conclude that the current in single-phase operation 
increases by factor of V3n3 cos @3/y1 Cos g;. If we add to 
this the reduction in the efficiency and power factor, the 
increase in current will be by factor of more than Y 3. At 
the same time, the copper loss in the stator phase will increase 
more than three-fold and, if the motor is not disconnected 
from the supply line, it may fail through overheating. 


47-2 _ Basic Equations and Equivalent Circuif of 
the Single-Phase Induction Motor 


We shall consider the operation of a single-phase induction 
motor as an unbalanced operation of a two-phase motor in 
which phase A is disconnected (J, = 0), and the remaining 
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phase B& carrying a current I ,= I, forms a single-phase 


winding connected for a supply voltage Vi (see Fig. 47-1). 

By analogy with a three-phase winding (see Sec. 46-1), 
an unbalanced set of currents in a two-phase winding may 
be visualized as the sum of positive and negative sequence 
currents: 

Tg =Tagit+Tlaz, Ip =1e +1 ae 
where 
Tai = iT 1, Tag = —Il pe 


The positive sequence currents, Jp, = Jy, and Jai, 


establish a forward mmf, Fym, and a forward rotating 
field. The negative sequence currents produce a backward 
mmf and a backward rotating field. Solving the above set 
of equations for the current components in phase B, with 
phase A disconnected, we get: 


ee i p= fFay2 = [ ,/2 

fos = hig = (Fn + Hay? = 15/2 
The current diagram answering the above equations appears 
in Fig. 47-10. 


The voltage across a single-phase winding may be visu- 
alized as the sum of positive and negative sequence compo- 


nents: 
V, = Vz =Vait Vaz 

On expressing V zi and V ne in terms of positive and negative 
sequence currents and impedances, 

Var = Vu = MyZu = 1241/2 
and 

Vie = Vip = W222 = 1242/2 ; 
we obtain a voltage equation for a single-phase motor 


Vy = Ty (2/2 + 22/2) 


The terms Z,, and Z,. are the phase impedances of a two- 
phase winding to the positive and negative sequence cur- 
rents (see the equivalent circuit in Fig. 46-1). To calculate 
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Zy, and Z,., we may use the equations given in Sec. 46-1, 
but it must be remembered that Ro and X» should be con- 
strued as the impedances referred to a phase of the two- 
phase winding. Therefore, the impedance referring coeffi- 
cient as given by Eq. (42-8) 
and used in Rp GK 

Bye oR ok 


Ri = Rikz 
and 
Xo = X,kz 


must be adjusted for the 
number of phases in the 
primary two-phase winding, 
m, = 2. 

On the basis of the volt- 
age equation, we may treat 
the current in a single-phase 
motor as one produced ina, 
series combination of 2,/2 Fig. 47-4 Equivalent circuit of a 
and Z,,/2 due to V;. There- single-phase motor 
fore, the equivalent circuit 
of a single-phase induction 
motor can be obtained by 
combining the equivalent 
circuits for positive and ne- 
gative sequence currents 
appearing in Fig. 46-1a and 
b, with the resistances and 
reactances in those circuits 
all divided by two. The 0 05 10 15 20 
Upper -pertion of the equi- Fig. 47-5 Positive and negative se- 
valent circuit thus derived quence voltages of a single-phase 
applies to the positive- motor as functions of slip (Rj = 
sequence quantities, and =A, = 0.05, X;= X= 0.1, Ay= 
the lower portion to the ne- =" Xo = 3) 
gative-sequence quantities. 

The torque of a single-phase motor can be written as the 
sum of two torques, Tem, and Tem., respectively associated 
with the positive-sequence voltage, V,,;, and the negative- 
sequence voltage, Vj: 








Lew = Teng + Lew,2 
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The equations for Tem 1 and Tem. (see Sec. 46-1) should be 
adjusted for m, = 2 and extended to include the positive 
and negative sequence voltages as found from the equiva- 
lent circuits of Fig. 47-4: 





. . Z 
Viv lz 
11 4 Zu+Z2 
Vise Vi rts | 

Zu+212 





Because, with V, held constant, Vy, and V,, vary with slip 
approximately as shown in Fig. 47-5, the plots of Tem, , 
and Tem, as functions of slip differ from those obtained 
with V,, or Vy, held constant, and have the form shown in 
Fig. 47-3. 


47-3 The Split-Phase Induction Motor 


A split-phase motor has two windings, one called the run- 
ning (run or main) winding, RW, and an auxiliary, or 
starting winding, SW, displaced from the run winding by an 
electrical angle of x/2 (Fig. 47-62). 





Fig. 47-6 Split-phase induction motor: (a) circuit and (b) phasor 
diagram 


To simplify the matters, let us assume that the two wind- 
ings are identical in their design (wsw = Wrw and ky sw 
= ky rw). The starting winding is connected to the supply 
line via a phase-shifting impedance, Zsgw, chosen such that 
the current in the starting winding, Jy, leads the current 
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in the run winding, Ipw, by as large an angle (called the 
phase split) as practicable, 


» = Orw — Psw 
(Fig. 47-6b). Owing to this arrangement, the motor at start- 
ing behaves as a two-phase unit. 

If, with Zsw = —j/owC chosen such that sw = rw 
— 1/2, the phase currents form a balanced set (Isw = [Rw 
and » = n/2), a circular rotating field will be established 
in the motor, and it will develop the largest possible start- 
ing torque. If, on the other hand, the phase currents form 
an unbalanced set (sw #Jpw and p= 2/2), what hap- 
pens at starting can conveniently be analyzed by the method 
of symmetrical components. 

To this end, let us identify the run winding with phase B 
and the starting winding with phase A of a two-phase motor. 


Then the unbalanced set of currents, Tay =] zp and I sw = 
I,, shown in the diagram of Fig. 47-6) may be written 
as the sum of positive and negative sequence currents thus: 
Irw =I5 =TI5, +I 3p 
Isw =< Ly =TIgit+ Tae 
where 
foe (rw = iT sy)/2 


ioe = iT a 
Tn = (Easy of iT sy)/2 
oe = a er 


Graphically, J 5, = J,, can be found as the median OG of 
triangle OCD or calculated from the equation 
Ty, =151= (Ipw/2) V 1+ k— 2k cos (n/2 + yp) 
Similarly, J 3, = J,, can be found graphically as half the 
side CD or calculated from the equation 
L45 = Ip = (Irw/2) V 1 + k2— 2k cos (1/2 —‘p) 


where k = Igy/Ipw is the relative current in the starting 
winding. 
The peak values of the forward and backward stator mmfs, 
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Fiym and Fy m, are proportional to the corresponding cur- 
rents, Piym ~ Jy, and Fygm ~ Jy). The positions that their 
phasors take up in space (see Fig. 47-6a) correspond to those 
occupied by the respective current phasors (see Fig. 47-6)) 
in time (relative to the ¢-axis). 

The ratio I,,/J,, varies with the phase split 1p and the 
relative current in the starting winding, k = Isgw/Ipw. 
As is seen from Fig. 47-7, where these dependences are shown 
graphically, J,, reduces to zero 
and sets up a circular field 
only when kK=1, [1, = Ipw 
=Igy and p= 2/2, which 
can be obtained by inserting 
in the starting-winding circuit 
a suitably chosen capacitive 
reactance (see above). In all 
other cases, where any other 
capacitive reactance or a re- 
sistance is inserted in the start- 
0 x/6 aft 38 nf2 ing-winding circuit, the phase 

split for the starting current 


Fig. 47-7 Effect of starting- will be 
winding current and its phase 





on the negative-sequence cur- ») = Orw — Psw < 1/2 
rent (as compared with the po- : . . 
sitive-sequence current) and its relative magnitude 


will bek<1. Then, in addition 
to a forward mmf, Fy,m, due to J,,, there will appear a back- 
ward mmf, Fy.m, due to Jy, < J,,. As a result, an elliptical 
field will be produced, and the starting torque will be redu- 
ced owing to the action of the backward field. 

If we connect the starting winding to the supply line 
directly (Zsw =0, Osw = Grw:; and p = 0), then J, will be 
equal to J,,, a pulsating field will be produced, and there 
will be no starting torque. 

Although the best starting conditions are obtained when a 
capacitance is inserted in the starting winding, this form of 
starting is used relatively seldom, when a very large start- 
ing torque is essential. More frequently, the necessary 
phase split is obtained by inserting a resistance, and the 
machine is usually called a resistance split-phase motor. As 
a way of reducing the value of the external resistance, the 
starLing winding is made to have an increased resistance 
of its own (this is done by using a smaller size of wire and a 
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bifilar arrangement for some of the turns). Upon starting, 
the auxiliary winding in a resistance split-phase motor 
must be disconnected from the supply line, or else it might 
be overheated and the effici- 
ency of the motor might be 
impaired. As a rule, the auxi- 
liary winding is disconnected 
by acentrifugal switch, a time 
relay, a current relay, or by 
a manual switch (symbolized 
by K in Fig. 47-6a). 

The torque-slip characteri- 
stic of a resistance split-phase 
motor is shown in Fig. 47-8. 
The auxiliary winding is dis- Fig. 47-8 Load-slip characteri- 
connected at s = 0.3. stic of a split-phase motor: 

Where necessary, a three- jrought int 2 — with the starting 
phase induction motor can be winding disconnected 
operated as a resistance split- 
phase unit. Two of its phases 
form a main winding in which 
each phase belt occupies two- 
thirds of a pole pitch. The 
third phase serves as the start- 
ing winding in which each 
phase belt occupies one third 
of a pole pitch. The two wind- 
ings are displaced from each 
a by m/2. The run ae Fig. 47-9 Connection of a three- 

as twice as many turns phase motor to a single-phase 
the auxiliary one, Wrw = _ supply 
2Wgy, and a fairly large dis- 


tribution factor, ka pw=8V 3/20 = 0.826. A preferable con- 
nection of a three-phase motor to a single-phase supply is 
shown in Fig. 47-9. In performance, a three-phase motor 
connected as shown in the figure is equivalent to a specially 
designed split-phase unit. Its full-load power in single-phase 
operation will be no more than 50% to 60% of that in 
the case of three-phase supply. The desired phase split can 
be introduced by a resistance or a capacitive reactance, so 
chosen that the starting torque is a maximum (see below). 
Upon starting, it is usual to disconnect the auxiliary wind- 
ing from the supply line. 
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47-4 Capacitor Motors 


Capacitor motors are single-phase induction motors that 
use a capacitor (or capacitors) in the auxiliary-winding 
circuit to cause a greater phase split between the currents 
in the main and auxiliary windings. 





Fig. 47-10 A circular field in a capacitor motor: (a) circuit and (6) 
phasor diagram 


In the arrangement shown in Fig. 47-10a, the main wind- 
ing is treated as phase B of a two-phase motor, and is con- 
nected to the supply line directly. The auxiliary winding is 
treated as phase A and is seen to be connected to the supply 
line via a capacitance C chosen such that a circular field 
is set up in operation on full load. 

Both windings have identical phase belts, each occupy- 
ing an angle of m/2, and the same winding factors, ky, = 
ky. The number of turns, wz, in winding B connected 
directly to the line is found from an electromagnetic analy- 
sis of the motor in balanced two-phase operation. In this 
form of analysis, it is initially assumed that winding A 
has the same number of turns, w4 = wy. On this assump- 
tion, the currents, voltages, phase angles between them, 
and power in both phases (or windings) turn out to be the 
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same, 
Vea = Vis 
Ip — ry 
Pa = Pa 


Ps = Valp COS Ga = Vila cos fa = Ps 
The phase A quantities at w’4 = wg, are primed and repre- 
sented on the diagram of Fig. 47-10 by dashed lines. Also, 
since a balanced two-phase supply produces a circular field, 
the phase currents and voltages are shifted in time-phase by 


m/2, that is, I, = jlg and V4 = jV ,. It should be stressed, 
however, that such a voltage on phase A can only be obtain- 
ed with a two-phase supply. 

If, on the other hand, phase A having the same number of 
turns as phase B is energized from a single-phase supply, 
it will, in the general case, be impossible to adjust the 


value of C so that the phase A voltage is V, = jV gz which is 
essential for a circular field to be established. The situation 
is usually corrected by additionally adjusting the number of 
turns in winding A. The circular field will be retained if, 
in passing to a winding with w, wg, the phase A mmf 
remains unchanged: 


F,=wal, = wa ,l, = F4 = constant 
Hence, the phase A current is 
Ia = Iw p/w, = I pw p/w, — I,/nap 


where 24, = W,/wz, is the turns ratio of a capacitor motor. 
Since the circular field is retained, the phase A voltage 
changes in proportion to the turns ratio: 


Va =V'gvalwy = Vonan 


At the same time, the angle », = @g and the phase A 
power remain unaffected: 


Py, = V4l4 cos Q4 = Vala, cos Mg = Constant 
A change in wy, leads to a change in both V, and J,. The 


objective is to choose such a value of wy, that the voltage 
across the series circuit of phase A and capacitance C 


is the same as the supply voltage, V, that is, 


VatVe=V 
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and the voltage across the capacitance lags behind the phase 
A current by x/2, that is, 


Ve = —jI ,/oC 
As is seen from the phasor diagram in Fig. 47-10), the 
desired phase A voltage is 


Va = Va tan Qa 
Hence, 


Nag = ValVp = tan Op 


and the number of turns in winding A required to set up 
a circular field is 


Wa = Wplrag = WB tan Qs 


The value of capacitance required for a circular field to exist 
is given by 


C =I, cos pz/oV tan Qg 


This capacitance draws a fairly large amount of reactive 
power 


Qc => Vela => VI ,/sin PB 


In fact, it is the same as the total power taken by the motor 
in the case of a circular field: 


S = VI = VI,/sin 


It is to be noted that with the value of capacitance ad- 
justed as explained above, the circular field will only exist 
at rated load. At any other load, the balance of mmfs will 
be upset, and in addition to the forward field there will be 
a backward component. 

Sometimes, the backward field proves so strong that the 
Starting torque obtained with the capacitance chosen to suit 
the rated condition is insufficient. This drawback can be 
rectified by placing an auxiliary capacitance, C,, in parallel 
with the main capacitance C for the duration of starting 
(shown by the dashed line in Fig. 47-10a). This modification 
is usually known as the two-value capacitor motor. 

A conventional three-phase induction motor can likewise 
be used as a capacitor motor. The capacitance required for 
connection to a single-phase supply line (see Fig. 47-9) 
may be found from the equation given earlier. In doing so, 
however, it is important to remember that the effective 
turns in the A phase containing a capacitor and those in 
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the phase B which contains no capacitor (see Fig. 47-9) 
cannot be varied at will, 


Wa = Wkys, Wy = 2Wykyp 


(where w, is the number of turns per phase in a three-phase 
winding), so the turns ratio cannot be varied at will either: 


Nap = Waly = ky al@ky p = 0.95 + (2 X 0.826) = 0.575 


Therefore, when the value of capacitance is found from the 
equation 
C = 1, cos Qz/oV tan gg 


a circular field can be obtained only when the load on the 
motor is such that 


tan @g = kag = 0.575 
Pp = 0.521 ~ 30° 
cos @p = 0.866 


In adjusting the value of capacitance for the rated operating 
conditions with a single-phase supply, V should be under- 
stood as the rated line voltage for a star connection, J, 
as the rated phase current, and @ gz as the phase split between 
the phase current and voltage under the rated three-phase 
operating conditions. Also, if og 0.521, the field will 
contain both a forward and a backward component. As @z 
departs more from the value 0.521 ~ 30°, the backward 
component plays an increasingly greater role in the total 
field. 


47-5 The Shaded-Pole Motor 


In sketch form, the arrangement of a typical shaded-pole 
motor is shown in Fig. 47-41a. The motor has a squirrel-cage 
rotor, 2, and a concentrated single-phase stator winding 1 
wound on salient stator poles. Parts of each salient stator 
pole, nearer to the trailing edge, are enclosed by heavy, 
shorted, single-turn copper coils, 3. These are called “shading 
coils”. 

Assuming that the magnetic circuit of the motor is linear 
and using the principle of superposition, let us examine the 
fields set up in the stator winding separately. The single- 


phase-winding current J, establishes a pulsating flux, Dry 
12-0240 
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in the leading, or unshaded, part of each pole, and a pul- 
sating flux, @,,, in the trailing, or shaded part of the 


pole. In the shading coils, ®.; induces an emf, Ba. lagging 
behind the flux by x/2, and giving rise to a current, J,, which 


lags behind Be by an angle @gc. In turn, I sc Sets up a flux, 
@®,,, which has a shading effect on M,, in the trailing (shaded) 





Fig. 47-11 Shaded-pole motor: 
(a) arrangement and (b) stator flux diagram 


part of the salient stator pole. As a consequence, the result- 
ant flux in the shaded part of the pole 


@,» = ®,, se Dec 
lags in time behind the flux in the leading (unshaded) part, 


Dy, by an angle p. Because, the axes of ®,,; and Wj, are 
additionally displaced from each other by a certain angle 
in space, there appears a rotating field travelling in the 


direction shown in the drawing. As M,y and ,, differ 
in magnitude and are shifted from each other in time and 
space by small angles, the rotating stator field is elliptical 
rather than circular. Yet, the shaded-pole motor develops 
a sufficiently large starting torque, Tem; = 0.2T em. to 
0.57 em.R- 

The starting performance of a shaded-pole motor is adver- 
sely affected by the third space harmonic of the rotating 
field. Among other things, it brings about a sizeable drop 
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in the torque at the rotational speed one-third of the syn- 
chronous one (see Sec. 43-5). In motors rated at over 20 or 
30 W, this effect can be minimized by placing magnetic 
shunts (at 4 in Fig. 47-11a) between the pole-pieces, or by 
increasing the air gap under the leading (unshaded) parts 
of the poles, or by winding the shading coils with two or 
three turns differing in width, instead of a single turn. 

Because of the heavy losses in the shading coils, the 
efficiency of shaded-pole motors is rather low (25% to 
40%). Commercially, they are built in sizes from a fraction 
of a watt to 300 W and are used in household fans, record 
players, tape recorders, etc. 


48 Special-Purpose Induction 
Machines 


yx 48-1 The Induction Generator 


If we connect an induction machine to a source of reactive 
power and make the rotor run at a speed exceeding that of 
the magnetic field (Q > @,), the emf in the rotor winding 
will be reversed as compared with the motor mode of opera- 
tion (see Chap. 43). As a consequence, the active components 
of J, and J, will also be reversed (in comparison with motor- 
ing), and the machine will deliver active power to an extern- 
al circuit—this will be the generator mode of operation. 

A major roadblock to a wider use of induction generators 
is that they cannot alone supply a power system, but must 
always operate in parallel with synchronous machines, 
thereby increasing the load. 

In the circle diagram of an induction machine (see 
Fig. 43-9), the generator mode of operation corresponds to 
the lower half-circle of currents, lying between points Ag 
and R. The conditions under which an induction generator 
delivers active power to an external circuit are defined by 
points on the current circle lying below the line OB. The 
line A,A, represents the mechanical power Py ~ P, that 
must be applied to the generator by a prime mover. 

Induction generators are mostly of the squirrel-cage type 
and have found a limited field of application, mostly at 


12% 
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small unattended hydroelectric stations, because they do 
not call for frequency or voltage control. 

Instead of synchronous generators, the reactive power 
needed to set up a rotating magnetic field in an induction 
generator may be taken from a bank of capacitors arranged 
as shown in Fig. 48-1. In the case of a resistive-inductive 
load, the capacitors can additionally supply reactive power 
for the load as well. 

With the reactive power supplied by a bank of capacitors, 
an induction generator operates by self-excitation, as it 





Fig. 48-1 Connection of an induction generator using self-excitation: 


IG— induction generator; DM —drive motor; C — capacitors: 2r,- load 
impedance 


utilizes the residual magnetization in the rotor. In the 
circumstances, the capacitors must of necessity be very 
large, so the entire unit is expensive. This is why capacitor- 
supplied induction generators are only used for special 
purposes. 


yr 48-2 Induction Frequency Converters 


The frequency of the emf induced in the rotor of an induc- 
tion machine is decided by the difference in velocity between 
the rotor and the magnetic field 


f, = (Q, — Q) (p/2n) = sf, 


where {2 >> 0 when the rotor is travelling with the field. 
A voltage at f, can be picked off the slip-rings of a wound- 
rotor induction machine. In this way, it can be used as a 
frequency converter. 

The output voltage of an induction frequency converter 
may be at a fixed or a variable frequency. In the former case, 
its rotor must rotate against the field if it is desired that 
fe be higher than f, (s > 1), or with the field, if it is desired 
that f. be lower than /, (s < 1). 
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When /, > /f,, an induction frequency converter is driven 
by an external motor, M (usually an induction or a synchro- 
nous one, see Fig. 48-2), which applies an amount of power, 
P,, to the frequency conver- 
ter; the latter operates as a 
brake, with s>1 (see Sec. 
43-1). The directions of power 
flows in this case are shown 
in Fig. 48-2 by solid arrows. 

When f, <f,, the rotor of 
an induction frequency con- 
verter is braked by the electro- 
magnetic torque from M which Fig. 48-2 Connection of an in- 
is now operating as a genera- duction frequency converter: 
tor and delivers its output to siaply lines Pajccpoweh cvawn by 
thesame system as thefrequen- motor from supply line; P,—mecha- 
cy converter. The directions eee TOM cowoe aie mone re” 
of power flows in this case are frequency converter 
shown in Fig. 48-2 by dashed 
arrows. The frequency converter is now operating as a motor. 

Recalling that 





: Q, = 2nf/Pre = Qi, tc 
and 
Qe + Qm = + 2f/Pm 


we obtain 





fe=sfi= ce f= Pm = Pret, 
1 m 

where the “+” and “—” signs apply respectively to the 
braking mode (f, >f,) and the motor mode (f, < f,) of 
operation, ps, and pm are the numbers of pole pairs in the 
frequency converter and motor, respectively. If the drive 
motor, M, is an induction machine, the above equation 
gives an approximate value of f,, on neglecting the slip. 

On neglecting losses, the active and reactive powers are 
given by 


” 


Pigaa = SPy 
Qioad = SQ, 
Pm = P, = (1 — 1/s) Pioaa 


The value of f, can be varied continuously by adjusting f, 
or the rpm of the drive motor. 
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Induction frequency converters are mainly used to obtain 
an alternating voltage at 100-200 Hz ordinarily utilized 
to energize induction drives operating at speeds in excess of 
3 000 rpm (electric saws and some other hand-held electric 
tools). 


3 48-3 An Induction Machine in the Transformer 
Mode of Operation 


(1) Phase regulator. If we restrain the rotor of an induc- 
tion machine from rotating, the phase shift between £, and 
E. induced, respectively, in the stator and rotor windings, 





YB Stator Rotor a 4 
Ey VIVe 
A B 
VIVy £ 


Wy=E : 
2 B ey 


Cc 


Fig. 48-3 The circuit and voltage/phasor diagram of a phase regulator 


will be decided by the electrical angle B between the phase 
axes, because both emfs are induced by a common rotating 
magnetic field. A change in B will immediately lead to a 
change in the phase of £4. 

Such a form of phase control is utilized in the phase regu- 
lator shown in Fig. 48-3. Basically, it is a three-phase wound- 
rotor induction machine operated in the transformer mode, 
that is, with its rotor locked (see Sec. 43-1). The stator 
winding is connected to the supply line, and the rotor 
winding is connected via the slip-rings to a load. If we neglect 
the resistances and leakage inductive reactances of the 
stator and rotor windings, then 


Vi = ee and V2 = E, 
Furthermore, if the two windings are identical, 
Wy = We 
hwy = keys 


E, =E£, 
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If we turn the rotor, the phasor V, = E, will also turn 


relative to the phasor Vi — Rs 

The secondary voltage across the rotor on load, with 
allowance for the winding impedances, can be found, using 
the equations of an induction machine, Eqs. (42-1), and 
setting s = 1. The rotor voltage equation must be extended 
to include an additional term accounting for the voltage 
drop across the referred load impedance Zjgaa, so it will 
be written as 

Ey = ZoIn + Vo 
where 
Vo = Zioaal 3 

The rotor of the phase regulator is acted upon by an app- 
reciable electromagnetic torque which can be found from 
Eq. (29-2). To overcome it, the rotor needs to be assisted 
by a booster, usually in the form of a worm-pair transmis- 
sion. The work pair is designed so that the rotor can be 
moved by hand or by a small electric motor. The worm also 
serves to lock the rotor in the chosen position. 

(2) Three-phase induction regulator. A three-phase induc- 
tion machine operated in the transformer mode may be 


A ‘Rotor Stator a en 





Yamin Vimax 


Fig. 48-4 Circuit and voltage phasor diagram of a three- -phase induc- 
tion regulator 


employed for a continuous voltage adjustment. To this end, 
the stator winding should be connected to a phase winding 
of the locked rotor as shown in Fig. 48-4, so that the two 
make up an autotransformer. 

The primary winding, usually placed on the rotor, is 


connected to a supply line with a phase voltage Vis The 
rotating magnetic field set up by this winding induces an 
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emf E, in the primary and another emf E 2 in the secondary. 
The phase voltage of the secondary, if we neglect its imped- 


ance, is the vectorial sum of the supply voltage Vv, and the 
secondary induced emf £,: 

V, = vy, + EF, 
The phase shift between the V; and E, vectors and, as a 


consequence, the value of V, depend on the electrical angle 
between the phase axes of the stator and rotor windings. If 


we turn the rotor, the tips of the E, and V, vectors will 
move along a circle. The minimum and maximum values of 
V, correspond to the angles B = 0° and B = 180° 


Vomin = Vy = E, 
Vomax => Vy + E, 


If we ignore the resistance, R,, and reactance, X,, of the 
primary, then V, = £,. The emfs induced in the primary 
and secondary are connected by a relation of the form 


E,/E, = wyky,/wokwe 


The primary of an induction regulator may be star- or 
delta- connected. The rotor can be turned and locked in the 
desired position in much the 
same way as ina phase regula- 
tor. 

(3) Rotating-field transfor- 
mer for frequency and phase 
conversion. A still further use 
for an induction machine in 
which the rotor is restrained 
from rotation is phase and 
frequency conversion Since 
the rotor need not move relative 
to the stator, no clearance, 
or air gap, need be provided 
between them. So, in order to 
reduce the magnetizing cur- 
rent, the outer core, 4, may be 
press-fitted on the inner core, 
8 (Fig. 48-5). The primary, 7, and the secondary, 2, which 
remain stationary relative to each other, may, as a way of 





Fig. 48-5 Rotating-field trans- 
former 
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reducing the leakage, be dropped in the slots of say, the 
inner core alone. Then the other core may be made slotless, 
aS a smooth ring press-fitted on the inner core after the 
conductors have been placed in the inner-core slots. The 
primary of a rotating-field transformer does not differ in 
any way from the stator winding of an induction machine. 
More specifically, it is a heteropolar winding with p, pole 
pairs, m, = 3 phases, and w, turns per phase. The primary 
is connected to an a.c. supply line with a phase voltage V, 
at frequency f,, and sets up a 2p,-pole rotating field whose 
lines are drawn in the figure. This field rotates at Q, 
= 2nf,/p;. The design of the secondary depends on the 
intended application of the rotating-field transformer. If it 
is intended for phase conversion, the secondary will have 
the same number of pole pairs as the primary, Pp. = D1, 
and will only differ in the number of phases, m,, and the 
number of turns per phase, w,. The emfs induced in the 
phases of the secondary winding form a balanced m,-phase 
set 
Ey = (Weky2/Wykys) Ey 


The phase shift between E 2 and E, depends on the relative 
position of the phase axes in core slots. At no-load, 


V, =—E, and V, = E, 


The on-load currents J, and J, and the on-load voltage V, 
can be found in exactly the same manner as in the case of 
a phase regulator. 

If a rotating-field transformer is intended for frequency 
conversion, it utilizes the distortion in the sinusoidal dis- 
tribution of the rotating-field flux in the airgap owing to 
core saturation. As has been explained in Sec. 40-2, the 
tooth saturation in the region of high mmf “flattens” the 
rotating-field flux waveform, so that its Fourier expansion 
has, in addition to a 2p,-pole fundamental term, also a num- 
ber of odd harmonics with 6p,, 10p,, 14p, poles etc. To 
accentuate this effect, a rotating-field transformer intended 
for frequency conversion is built with a heavily saturated 
magnetic circuit (with a maximum tooth flux of over 2 T), 
and has a secondary designed to respond only to one of the 
higher (usually, third) harmonic of the rotating field. 

When the secondary responds to the third harmonic, a ro- 
tating-field transformer operates as a frequency trebler. 
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It has a three-phase winding (m, = 3) which sets up a 
2p,-pole “flattened” field rotating at an angular velocity 
Q, = 2nf,/p,. Because, in travelling, the field does not 
change in waveform, all of its harmonics travel at the same 
angular velocity, 2,. To give a voltage at three times the 
original frequency, the secondary must be a single-phase one 
(m, = 1) with p, = 3p, pole pairs. In such a winding, the 
flattened field mainly induces the 3rd harmonic of emf with 
3p, pole pairs, relative to which the secondary winding has 
a winding factor of close to unity. Its frequency is three 
times the primary frequency 
fe = p2Qy/2n = 3f, 

The flux linkage of the secondary with the fundamental 
flux and also with the 10p,-, 14p,-, 22p,-pole and higher 
(but other than triplen) harmonics is zero, so they induce 
no emf in the secondary. 

To prevent the generation of emfs and currents at three 
times the original frequency in the primary, it is chorded 
by one-third of a pole pitch. Then its winding factor relative 
to a field with p, = 3p, reduces to zero. 


48-4 The Solid-Rotor Induction Motor 


As its name implies, this type of motor has a solid rotor 
in the shape of a cylinder (Fig. 48-6), which acts as both a 
core and a current conductor. 

The rotating magnetic field 
penetrates the rotor to a 
certain depth and induces eddy 
currents in it. The eddy cur- 
rents interact with the mag- 
netic field and produce an 
electromagnetic torque. Owing 
to the skin effect, the eddy 
currents are flowing in a rela- 


“ue 
tively thin layer at the penetra- 


G 
oS 
tion depth. The equivalent pe- 


peek Solid-rotor induction netration depth depends on the 
frequency of cyclic magnetiza- 
tion of the rotor. For a motor 
designed to operate from a 50-Hz supply, the equivalent 
penetration depth at starting (s = 1) is as little as 1 to 
3 mm; at running (s = 0.05), it is about 5 te 15 mm. 
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In a linear approximation, the penetration depth varies 
inversely as Ys. This results in a change in the cross-section 
of the layer in which eddy currents can flow, in the effective 
rotor resistance 

Le RVs 
where Roo is the referred effective resistance at s = 1, and 
in the leakage inductive reactance X% of the rotor. There- 
fore, at starting Rg is large, whereas X3 is small; as the slip 
decreases, R2 goes down and Xz goes up. As a result, a solid- 
rotor induction motor has a relatively large starting torque 


Tem, s/Tem,r = from 1.5 to 2.0 


In fact, it is inferior to a squirrel-cage motor only in terms 
of efficiency and power factor. This is because at rated load 
and at s = 0.02 to 0.1, the penetration depth is still small, 
whereas the resistance to current and the reluctance to flux 
are high, so the electric loss in the rotor and the mag- 
netizing current are also high. 

The performance of a solid-rotor motor can sometimes be 
improved by fastening copper short-circuiting rings to the 
ends of the solid rotor. The copper rings have a substantially 
smaller resistivity than the steel rotor and serve the same 
purpose as the end rings on the squirrel-cage structure. 
As a result, the effective resistance of the solid rotor is 
brought down owing to an increase in the conductance of 
the rotor ends. The same purpose can be served by applying 
a thin coat of copper (0.1 to 0.3 mm thick) to the outer sur- 
face of the rotor. Also, the performance of the motor can be 
improved by using a material for the rotor that would have 
an optimal combination of conductance and permeance. 
Recently, alloys have been developed with a higher conduct- 
ance and a lower permeance than steel. They substantially 
increase the penetration of the field and improve the per- 
formance of the motor. 

Solid rotor motors are mostly used in automatic control 
systems. Since the rotor is very robust mechanically, machi- 
nes in this class can be built for very high rotational speeds 
(40 000-100 000 rpm and more). Such motors are intended 
for operation from a supply at 400 to 1 500 Hz and higher, 
and are used in special-purpose drives, for example in 
gyroscopic systems. 

Although they are relatively simple to build, solid-rotor 
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motors have not yet been used in general-purpose industrial 
drives. The main cause is their low efficiency in operation, 
In what may be looked upon as a modification of the above 
type of motor, the rotor is made hollow, of a ferromagnetic 
material so as to reduce the mass and moment of inertia of 
the rotor, or the drag cup, as it is usually called. The wall 
thickness of the drag cup is chosen to be equal to the penet- 
ration depth under operating conditions. At 400-1000 Hz, 
it is 0.3-0.5 mm, whereas at 50 Hz it rises to 1-3 mm. 
Because the magnetic flux has its path closed through the 
walls of the drag cup, this type of motor requires no inner 
stator. In this respect, it compares favourably with motors 
in which the drag cup is fabricated of a nonmagnetic material 
(see the next section). Unfortunately, the magnetic drag 
cup has a low efficiency, a low power factor, and some other 
important drawbacks. Because of this, its use is limited. 


48-5 The Nonmagnetic Drag-Cup Mofor 


In this form of motor, the rotor (see Fig. 48-7) is a thin- 
walled, hollow cylinder, or cup, 3, fabricated from a conduct- 
ing, nonmagnetic material (usually, an aluminium alloy). 
The drag cup rotates in the 
air gap between an outer, J, 
and an inner, 2, stator core. 
One of the stators (in our case, 
this is the outer core) carries a 
single- or polyphase winding. 
The electromagnetic torque 
acting on the drag cup is pro- 
duced by the interaction of the 
rotating field with the eddy 
currents induced in the drag 





cup. 
Fig. 48-7 Nonmagnetic drag- Nonmagnetic drag-cup ee 
cup motor duction motors are mainly used 


as control or servo motors in 

various automatic control sys- 

tems. Their popularity is in part owing to a very valuable 
property—the extremely low moment of inertia of the drag 
cup. Drag-cup motors come in sizes from a fraction of a watt 
to several hundred watts for 50, 200, 400, 500, and 1 000 Hz. 
In contrast to the solid rotor, the wall thickness of the 
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drag cup is a small fraction of the penetration depth even 
at starting. Therefore, eddy currents are uniformly distribu- 
ted across the wall thickness at any slip, and the referred 
effective resistance of the drag cup, Rs, is independent of 
the slip. Also, the leakage inductive reactance, X3, of the 
drag cup is so small that it may be neglected in calculations. 
The value of Rs can readily be found, if we ignore the resist- 
ance of the ends and imagine that it consists of Z, elementary 
bars. The resistance of such a bar is 


Ry = plltgoA 


where / is the rotor length, A is the wall thickness of the 
drag cup, and tz, = 2nR/Z, is the extent of the bar in a 
tangential direction. Then, using Eqs. (41-22) and (42-8), 
we get 
Ro = 2plm, (wykyy)?/nRA 

where R = radius of the drag cup 

m, = number of phases in the stator winding 

w, = number of turns in the stator winding 

w1 = Winding factor of the stator winding 

Although the walls of the drag cup are made as thin as 

practicable (0.1 to 1.0 mm), the nonmagnetic gap between 
the two stators is fairly large (0.4 to 1.5 mm). Therefore, 
the magnetizing current in a drag-cup motor is markedly 
higher than it is in a squirrel-cage motor, being 0.8 to 
0.9 of the rated (full-load) current. This leads to a reduction 
in the power factor (cos gg = 0.2 to 0.4), increased stator 
copper losses, and a decrease in efficiency to 0.2-0.4 (under 
rated operating conditions). 


48-6 Electromagnetic Induction Pumps 


Electromagnetic induction pumps for liquid metals are 
a modification of a.c. MHD machines. In such pumps, the 
movable member is the liquid metal being pumped. It is 
set in motion by a travelling or a rotating magnetic field 
established by a three-phase a.c. winding. 

According to the shape of the liquid-metal conduit inside 
the magnetic field, such pumps are classed into helical 
(spiral) and linear. 

Helical (spiral) induction pump. This type of induction 
pump (Fig. 48-8) is arranged similarly to a drag-cup induc- 
tion motor. It, too, has two stators, outer J and inner 2. 
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The slots in the external core accommodate a three-phase 
winding connected to a supply line (sometimes, the three- 
phase winding may be arranged on both the outer and inner 
core). The air gap between the stators is occupied by a flat 
nonmagnetic-steel conduit 4, to guide the liquid metal 3. 
In Fig. 48-8, the liquid-metal conduit completes one turn 
around the inner core and has a cross-sectional area equal 
to Al, where A is the radial 
thickness of liquid metal, and 
Lis the length of the core and 
liquid-metal conduit in the 
axial direction. More often 
than not, the liquid-metal 
conduit has several turns 
wound around the stator. 
The currents flowing in the 
stator winding set up arotating 
field which induces eddy cur- 
rents in the liquid metal. The 
interaction of the eddy cuw- 
Fig. 48-8 Helical (spiral) in- ents with the field givesrise to 
duction. punip electromagnetic forces that 
drive the liquid metal at a 
linear speed wu in the direction of field rotation. 
Energy conversion in a single-turn helical electromagnetic 
pump can be described by the equations and equivalent 
circuit applicable to the drag-cup induction motor, except 
that the leakage inductive reactance of the “rotor” is set 
equal to zero (see above). Then the electromagnetic power 
transferred from the stator to the liquid metal is, in accord 
with Eq. (41-32), given by 


Poem = MET, = psu} B?,ItA/p 





where Ey = 2 Y 2f,w,ky,tIBm = mutual emf in the stator 
winding 
Ii = E,s/Ro = referred current in the liquid 
metal 
Rs = referred resistance of the liquid metal (to be 
found as for the drag cup, see above) 


p = pole pairs of the field 
u, = 2nf, = RQ, = linear speed of the field 
t = pole pitch 


resistivity of the liquid metal 
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Bm = peak flux density 
s = (u, — u)/u, = slip of the liquid metal relative 
to the field 
The electromagnetic force exerted on the liquid metal is 
given by 
N fe Tem/R =a Pom/Q R = Pom/U4 => psu, B32, tlA/p 
and the pressure built up by the pump is 
H = N/IA = psu,B?,1/p 
The mechanical power of the pump is given by 
Pm = Nu = (N/IA) (ulA) = HQ 


where 
Q=ulA 


is the volumetric flow rate through (delivery of) the pump. 
When the liquid-metal conduit makes n turns around the 
inner stator, the pressure developed by the pump, H, is 
as many times greater, but the flow rate (or, rather, delivery 
of the pump) is decreased by the same factor. 
Flat linear induction pump. This form of pump (Fig. 48-9) 
resembles a linear induction machine (see Sec. 48-7). It 





Fig. 48-9 Flat linear induction pump 


consists of two flat stators or inductors, 7. The slots made 
in the inductors carry three-phase multipole windings, 2. 
The air gap between the inductors is taken up by a flat 
conduit, 4. Its rectangular cross-section is filled by the liquid 
metal being handled. The interaction of the travelling field 
in the inductors with the eddy currents induced in the 
liquid metal 3 gives rise to electromagnetic forces. When 
combined, the electromagnetic forces acting on the metal 
particles build up a pressure causing the liquid metal to 
flow in the direction of the field with a certain slip. 
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Annular linear induction pump. In this form of pump 
(Fig. 48-10), the electromagnetic forces acting on the liquid 
metal are produced by a travelling field. The liquid-metal 
duct 4 is circular in cross-section. Inside the conduit there 
is an unwound core, 2, and outside there is an inductor, /, 
enclosing the conduit. The annular slots in the inductor 
carry the coils of a three-phase winding 35. 
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Fig. 48-10 Annular linear induction pump 


An important field of application for induction pumps is 
in fast reactors where they handle liquid-metal coolants 
(sodium, potassium, and sodium-potassium). 


48-7 _ Linear and Limited-Rotation 
Induction Motors 


In sketch form, the general arrangement of a linear and a 
limited-rotation induction motor is shown in Fig. 48-11a 
and b, respectively. 

The stator 7 of a linear motor has the shape of a parallele- 
piped, and that of a limited-rotation motor, the shape of a 
sector of an arc. In a linear motor, the heteropolar, three- 
phase primary winding 2 is arranged in slots on a face of 
the parallelepiped. In a limited-rotation motor, it is placed 
in slots on the inner (or outer) surface of the sector. 

The movable member in a linear motor is in a reciprocating 
motion. Its core, 4, like that of the stator, has the shape of 
a parallelepiped (see Fig. 48-11a). The slots made on the 
surface of the movable core facing the stator accommodate 
a short-circuited winding, 3. In a limited-rotation motor, 
the movable member is free to rotate within a certain 
sector. As in aconventional motor, it is called the rotor and 
has the shape of a hollow cylinder (at 4 in Fig. 48-110). 
The slots on its outer surface hold a short-circuited winding, 
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8. In a linear and a limited-rotation motor, the movable 
member may be fabricated from a single piece of a magnetic 
material, in which case there will be no need for a short- 
circuited winding. Sometimes, some massive part of the 
driven machine may serve as the rotor. 

Depending on the design of the movable member, the 
performance of the machine will be like that of a squirrel- 
cage unit or of a solid-rotor unit (see Sec. 48-4). The efficiency 





Fig. 48-11 (a) Linear and (b) limiled-rotation induction motor 


and power factor of linear and limited-rotation motors ars 
usually inferior to those of units with a circular stator. This 
is because their stators do not form a complete circle, and 
there appear edge effects. 

The slip in linear and limited-rotation motors is defined 
as the ratio of the linear slip velocity, uw, — wu, to the syn- 
chronous linear velocity of the travelling field, u, = 2tf,. 
Under rated conditions, u is very close to u,, sos =(u,— u)/uy 
is as small as it is in conventional induction machines. 

Linear induction machines can be used to give reciprocat- 
ing motion by periodically reversing the phases of the stator 
winding, such as in metal-cutting machine tools. In such 
an application, the movable part must be longer than the 
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stationary one by the displacement desired. Because of a 
sizeable increase in the mass of the movable part and the 
energy wasted during acceleration and deceleration, such 
linear motors have not found any appreciable use. There is 
a better outlook for them in electric traction, especially 
where high speed is involved. 
Figure 48-12 gives a sketch 
explaining the likely use of 
a linear induction motor on 
railways. The stator core 7 and 
a polyphase winding 2 are 
mounted on an electric loco- 
motive and draw their power 
from an a.c. supply line. The 
travelling field thus produced 
interacts with the rail, 3, and 
tends to pull it along. Since, 
however, the rail is anchored 
to the ground, motion at speed 
u is imparted to the stator and, 
hence, the electric locomotive. 
Fig. 48-12 Linear traction mo- Limited-rotation induction 
tor motors are used in cases where 

the rotor is to travel at a re- 

latively low angular velocity. 
To demonstrate, the stator of a limited-rotation machine 
having p pole pairs and spanning a sector with a central 
angle Yarc (Fig. 48-11b) sets up on the radius R a field which 
rotates at a linear velocity 


uy >= 2th, a Yarelt/s/p 
where t = yarcft/2p is its pole pitch. In the circumstances, 
the synchronous angular velocity of the rotor 

Qy = Uy/R = YParcfs/p 


is by a factor of 2x/yar_ lower than it is for a circular rotor 
having the same number of pole pairs. 

_Limited-rotation induction motors are especially attrac- 
tive where some massive part of the associated driven ma- 
chine can serve as its rotor. 
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49 Induction Machines 
for Automatic Control 
Applications 


49-1 Induction Control Motors 
and Tacho-generators 


Induction control motors. Induction control (or servo) 
motors are us-d in automatic control as devices that convert 
the amplitude or phase of a control voltage into the angular 
displacement or angular velocity of the output shaft (the 
final control element). 








Veontral (a) 


Fig. 49-1 Induction control (servo) motor: 
(a) amplitude-controlled and (b) phase-controlled 


They are small (0.1 to 300 W) squirrel-cage induction 
motors with a stator carrying two distributed windings dis- 
placed from each other by an electrical angle of 90° 
(Fig. 49-1). To simplify matters, let the two windings be 
identical. One, called the main or field winding, is always 


energized with Vince = constant. The other, called the 


control winding, is supplied with aa which varies 
in accord with the control signal. 


13% 
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For a torque to be produced, Vesseucr must be out of phase 
with Vain, that is, p 540 and Veontro) #0. At p =O or 
Veontrot = = 0, there is no torque produced. At p = 90°, 


Veontrol = = Vinain or Vickie = —jV main (this case is shown 

by dashed lines in Fig. 49-1), the torque is a maximum. 
Control (or servo) motors can be controlled by varying 

the amplitude or the phase of the control (error) voltage. 


In the former case (Fig. 49-1a), the amplitude of Voontroj 
is varied, whereas its phase, , remains constant. The 
desired phase shift, » = 90°, is produced by a suitable 
phase-shifter, PS. In the latter case (Fig. 49-16), the phase 


p of Veontro) is varied, whereas its amplitude remains con- 
stant. The phase of the control voltage is varied by a phase 
shifter, PS. 

Control motors are required to have some special charac- 
teristics necessary for their use in automatic control. For 
example, in the case of amplitude control, these requirements 
are as follows. 

(4) The angular speed must be controllable over a wide 
range as the amplitude of the control voltage is varied. 

(2) The torque-speed characteristic, Tem = f (2), at a 
constant Vooniroi, and the control characteristic, 2 
= f (Veontro) at a constant 7,.,, must be as linear as prac- 
ticable. 

(3) The moment of inertia of the rotor must be a minimum 
(so as to give a high speed of response). 

(4) The starting torque must be sufficiently large. 

(5) The breakaway voltage should be low (and the friction 
torque small). 

(6) Control power must be negligible. 

(7) As the control voltage falls to zero, the motor ought 
not to run of its own accord. 

To meet the above requirements (especially those in 1, 
2, and 7), the rotor resistance is chosen such that 


m = Ry Xs 
is 3 or 4. Then in the motor mode of operation the torque- 


speed characteristic will be practically linear and the motor 
will not run of its own accord at zero control voltage. This 
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can readily be proved by comparing the directions of the 
torques at Voontro. &O and Veontro, = 0. 

At Veontro: ~ O (Fig. 49-22) and Q = 0, the torque Tem3 
due to the positive sequence voltages V; exceeds the torque 
Tem,z due to the negative sequence voltages, because V, 
<V,. Since Temi > Lem, a9 
the resultant torque is posi- 
tive: 


Tem = Tema — Tem. > 0 


and the machine runs in the 
forward direction at Q > 0. 
When the control voltage is 
removed, Voontro) = 0, and 
Vi=V, (see Fig. 49-2), Tema 
and Tem. at 2 = 0 balance 
each other, whereas at 2 > 0 
the resultant torque is nega- 
tive: 


Loin = Temi — Tem,z < 0 
Fig. 49-2 Torque-speed charac- 
and the motor comes to a teristics of a control motor: 


stop. : 

A motor designed to meet 3 a pened o 
the above requirements has a 
low efficiency and a low power factor. But this has to be 
reconciled with. 

Two-phase control (or servo) induction motors usually come 
in any one of three modifications, namely the squirrel cage, 
the nonmagnetic drag cup (see Sec. 48-5), and the ferro- 
magnetic drag cup (see Sec. 48-4), the first two types being 
most common. The squirrel cage is preferable for the smaller 
control motors, and the nonmagnetic drag cup for the larger 
control motors. 

As compared with conventional squirrel-cage motors, the 
squirrel-cage control motor differs in the following. 

(1) The length-to-diameter ratio of the rotor is anywhere 
from 1.5 to 2.0, so that the moment of inertia is kept to 
an acceptable level. 

(2) The air gap between the stator and rotor is kept to 
a minimum value of 30 to 50 wm so as to minimize the 
magnetizing current. 

(3) There is a relatively large number of pole pairs (usually 
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from four to eight), so as to enhance the speed of response. 

(4) Resort is made to skewing by one tooth pitch as a way 
of minimizing the stray torques (see Sec. 43-5). 

Also, control motors usually have built-in electromagnetic 
dampers to give an effective braking action upon removal 
of the control signal. The dampers come in a variety of 
designs and differ in the principle of operation. The simplest 
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Fig. 49-3 Sketch of a drag-cup control motor 


of all is an eddy-current damper in which the braking 
torque is produced by an aluminium drag cup rotating in 
the field set up by permanent magnets. 

The salient features of the drag-cup motor have been 
examined in Sec. 48-5. It is important to add that this form 
of motor is free from both stray synchronous and reactive 
torques. Among its major advantages is the low moment of 
inertia of the rotor. In sketch form, a drag-cup control 
motor is shown in Fig. 49-3. The drag cup J rotates in the 
air gap between an outer stator 2 and an inner stator 3. 
The slots on the outer stator which is press-fit in a frame 4 
accommodate the control and main windings, 5. The inner 
core is mounted on a hub which is made integral with the 
cover 6. The shaft 7 mounting the drag cup is carried by 
bearings 8. 

Ferromagnetic drag-cup motors are inferior in several 
aspects to squirrel-cage and nonmagnetic drag-cup control 
motors. Naturally, this limils their application. 

In some control applications, the rotor of a control motor 
needs only to turn through a limited angle proportional 
to the torque of the motor and the control voltage. Quite 
aptly, they are called torque motors, 
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Induction tacho-generators. A nonmagnetic drag-cup motor 
may well serve as a tachometer generator (or, simply, a tacho- 
generator), if its shaft is coupled to that of the machine 
whose rpm is to be measured. 

The circuit of a tacho-generator is shown in Fig. 49-4. 

As in a control (or servo) motor, the main winding, MW, 
is connected to a supply of 
Vmain at frequency f. The vol- 
tage waveform must be as close 
to sinusoidal as possible, and 
its amplitude and frequency 
stabilized. In the main wind- 
ing, the applied voltage gives 
rise to a current and a mag- 
netic flux, Opain, partly con- 
tributed by the transformer 
currents induced in the rotor 
as well. Because the transform - 
er emf and currents in the 
rotor are independent of the Fig. 49-4 Circuit of an induc- 
rotational speed, Dmain re- tion tachometer-generator 
mains the same at any rpm. 
The main flux does not link with the signal winding, SW, 
because it is in electrical quadrature with the axis of the 
flux. Therefore, at standstill (Q = 0), no other currents, 
except the transformer currents, are induced in the rotor, 
and the voltage across the signal winding is V, = 0. 

When the rotor is running at 2, the emfs induced in it 
include transformer emf and also rotational emfs propor- 
tional to Q. Under their action, rotational currents, isa 
(shown in the diagram) appear in the drag cup. Their am- 
plitudes and also the amplitude of the magnetic flux, Dsm, 
they set up are likewise proportional to 2, so long as the 
core is unsaturated. @, is pulsating at the frequency f of the 
main voltage and induces in the signal winding an emf 
whose rms value, £,, is likewise proportional to Q. The 
signal winding is connected to an indicator or a final control 
element. Their impedance, Z,,,q, is chosen so high that the 
current in the signal winding does not produce any notice- 
able voltage drop, and V, ~ £,. Thus, only the rms value 
of emf, £,, is varying in an induction tacho-generator, 
whereas its frequency remains unchanged. Because of this, 
induction tachogenerators are used more frequently than 
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synchronous units in which both the rms value and frequency 
of the signal emf are varying. 


49-2 Induction Resolvers 


Induction resolvers are used in various automatic control 
and computer circuits to convert an angular displacement 
(shaft position) to an alternating voltage whose peak value 
follows the angular position in a predetermined manner. 

Most frequently, induction resolvers have two or more 
poles, two stator windings in electrical quadrature with 
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Fig. 49-5 Brushless resolver: 


1—rotating core of ring transformer; 2—rotating coil of ring transformer; 3— 
stationary coil of ring transformer; 4—stationary core of ring transformer; 5— 
synchro stator winding; 6—synchro stator core; 7—synchro rotor core; 8—synchro 
rotor winding 


each other, and similar windings on the rotor. In fact, they 
are not unlike an induction motor with two-phase windings 
on the stator and rotor. Supply voltage is carried to the 
rotor by brushes and slip-rings or, if the rotation of the rotor 
is limited, by flexible conductors. In brushless resolvers, 
the rotor windings are energized by means of two inter- 
mediate ring transformers shown in Fig. 49-5. 

For an induction resolver to perform its function, the 
mutual inductance between the stator and rotor windings 
must be varying with the angular displacement (shaft posi- 
tion) a sinusoidally or cosinusoidally. This requires that 
the magnetic fields set up by the windings be as close to 
sinusoidal as practicable. To this end, so-called “sinewave” 
windings are used, in which the number of turns is varied 
from slot to slot in an appropriate manner. Also, the lamin- 
ations in the cores are stacked up so that every next layer 
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of punchings is displaced from the previous one by one or 
several tooth (or slot) pitches. The emfs that are likely to 
be generated by the higher harmonic fields are minimized 
by skewing the rotor slots one slot pitch. Furthermore, 
special care is taken to avoid inaccuracies in manufacture 
(the eccentricity between the stator and rotor on the sides 
facing the air gap, dissymmetry of the core, inaccuracy in 
slot skewing). As a net result of all these measures, high- 
accuracy resolvers generate the sina and cosa functions 
accurate to within 0.01-0.02%. 

In multipole resolvers, the output voltage undergoes a 
complete cycle of change as the rotor turns through 2x/p, 
so for each revolution of the rotor the output voltage has p 
cycles of change. Therefore, the error in output voltage, 
referred to the mechanical angle of rotation, is 1/p of the 
error referred to the electrical angle. In high-accuracy multi- 
pole resolvers, the output voltage goes through 60 to 
120 cycles of change every re- 
volution of the rotor. Such re- 
solvers use concentrated wind- 
ings. For a still better gener- 
ation of sin a and cos @ func- 
tions, an optimal tooth width 
is chosen and the slots are 
skewed one slot (or tooth) pitch. 

The manner in which the 
windings of a resolver are con- a 
nected in the associated cir- 
cuit and fed with supply volt- 


age(s) depends on the job it 
is intended to do. [NX 
Sine-cosine induction resol- 
ver. This device (Fig. 49-6) 
transforms an angular displace- 
ment (shaft position), a, into 
two a.c. voltages, V, and Vj, 
proportional in amplitude to cos a and sin a, respectively. 
A sine-cosine resolver has three windings, d, a, and b. 
Winding d sets up the excitation field and is energized from 
an a.c. stabilized supply. The pulsating magnetic field set 
up by this winding induces an emf, £,, proportional to cos a 
in winding a, and an emf, £,, proportional to sin @ in wind- 
ing b. If we connect the rotor windings to loads with impe- 





Fig. 49-6 Sine-cosine resolver 
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dances, Z;,. and Z;,,, currents will flow in them, giving 
rise to a secondary magnetic field. 

So that the secondary field could not upset the cosine and 
sine relationship between the two emfs and the angular 
displacement, the resolver is subjected to secondary and 
primary balancing. For secondary balancing, the load im- 
pedances are chosen to be equal in value, Z,4 = Zz». 
Primary balancing is effected 
by closing the quadrature 
(q-) winding of the stator ac- 
ross an impedance, Z,, 9, equal 
in magnitude to the internal 
impedance of the supply con- 
nected to the direct-axis (d-) 
winding. As a result, the cur- 
rents induced in the q- and 
d-windings balance out the 
secondary fluxes to the same 
degree. 

Linear resolver. This device 
(Fig. 49-7) serves to convert 
angular displacement (shaft 
position), «, into an alternat- 
ing voltage, V,, whose amp- 
Fig. 49-7 Circuit of a linear in- litude is proportional to the 
duction resolver angle a. In a linear resolver, 

the d-winding on the stator and 
the cosine (or a-) winding on the rotor are connected in series 
and to an a.c. supply. The quadrature (g-) winding is short- 
circuited. The output voltage, V,, is picked off the sine 
(b-) winding connected across a load impedance, Zy, 5. 

In this connection, the g-component of the secondary flux 
is nearly completely damped out by the current induced in it. 
Therefore, in analyzing the operation of a linear resolver, 
we may neglect the flux along the g-axis and deem that all 
of the emf is induced by the direct-axis field (one along the 
d-axis) alone. Then, on assuming that the winding para- 
meters are small, we may write the following voltage equation 
for the excitation circuit: 


V,=£,4+ Ecosa = Ey (1 +7 00s a) 
and for the output circuit: 
V, = Esing = nky sing 
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where n = E/E, is the transformation ratio. On eliminating 
E, between the above equations, we get 


V, = nV, sin a/(1 + n cos a) 


It is an easy matter to see that at m = 0.536 the term 
sin a/(1 + ncosa) is equal to the angle a accurate to 
within 0.06%, if the angle lies in the range from —60° to 
+60°. Hence, if we choose n = 0.536, the output voltage, 
Vz, will be proportional to the angular displacement, a, 
that is 

V, = nvVia 

Coordinate transformation by induction resolvers. The con- 
nection of an induction resolver for the transformation of 
Cartesian coordinates to ac- 
count for the rotation of the 
coordinate axes is shown in 
Fig. 49-8. The d- and q-wind- 
ings on the stator are energized 
with V, and V,, which are in 
phase. Their amplitudes are 
proportional to the coordinates 
being transformed, Vz ~y 
and V,~z. On applying 
primary and secondary balanc- 
ing, the secondary voltages 
will be 


V, = m (Vq cos a + Vq sin a) 
Vy, =m (Vqasina — V, cos @) 


That is, they are proportion- 
al, within the scale factor m, Fig. 49-8 Connection of an in- 
to the coordinate inthe system duction resolver for transforma- 
turned through the angle a. ies peas poomtinates 
For rectangular-to-polar co- 
ordinate transformation, an 
induction resolver is connected as shown in Fig. 49-9. As in 
the previous case, the d- and g-windings on the stator are 
supplied with voltages Vz and V,, respectively. These 
voltages are in phase and have amplitudes proportional to 
the coordinates to be transformed, that is, Vz ~y and 
Vg ~t. 
“An appropriate servo system consisting of a servo motor 
and a servo amplifier SA causes the rotor of the resolver to 
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take up an angular position in which the voltage across the 
sine winding is reduced to zero: 


Vy = m(Vq sina — Vy, cosa) = 0 
In this position, the voltage across the cosine winding is 


Va=mVViTM~V PTH 
On an appropriately chosen scale, this gives a radial coor- 
dinate, r ~ V,. At the same time, the angular position of the 
rotor in electrical degrees, a, 
is the same as the angle @ in 
polar coordinates. 
Inductosyn. A refinement of 
the induction resolver dis- 
cussed above is the inductosyn 
which can be made in a flat 
form, either circular or linear. 
A circular inductosyn con- 
sists essentially of two insulat- 
ing (most often, glass) discs 
on which the coil conductors 
are printed. The two discs 
are mounted on a common 
Fig. 49-9 Connection of an in- shaft coaxially and Sepa. rated 
duction resolver for rectangular- from each other by an air gap. 
to-polar coordinate transforma- One of the discs, called the 
tion rotor, is free to rotate relative 
to the other, called the stator. 
In performance, the inductosyn is similar to a concentrated- 
winding, multipolar induction resolver. However, it is 
more accurate owing to a large number of poles on the rotor 
and stator and the absence of conventional cores. 





49-3 Synchros 


The name “synchro” refers to a class of induction machines 
adapted for the remote measurement and/or transmission of 
angular position. 

Synchros may be brush-type or brushless. In the former 
case, a Salient-pole rotor carries a concentrated field winding, 
FW, which draws its current from an a.c. supply via slip- 
rings and brushes (not shown in Fig. 49-10). The stator slots 
accommodate three distributed synchronizing windings dis- 
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placed from one another by an electrical angle of 2/3 and 
arranged similarly to the three-phase winding of a conven- 
tional induction machine. The stator and rotor cores are 
built up of insulated electrical-sheet steel laminations. 
Three forms of synchro systems have found wide use in 
practice, namely: the direct (or data) transmission type 





Fig. 49-10 Circuit of a direct transmission synchro system 


(sometimes referred to also as the synchro repeater system), the 
differential-synchro type, and the control-transformer type. 

In the direct transmission type, there is a synchro trans- 
mitter (or generator) and a synchro receiver (or motor), 
interconnected as shown in Fig. 49-10. The synchro receiver 
is usually of a size just sufficient to drive the pointer of an 
indicator. The field (rotor) windings, FW, of both the syn- 
chro transmitter and synchro receiver are supplied with V; 
from a common supply, and the leads. of the like phases in 
the synchronizing (stator) windings, SW, are interconnected 
as shown in Fig. 49-10. 

When so energized, the rotor winding in the synchro 
receiver takes up an angular position that corresponds to the 
position of the rotor in the synchro transmitter, By = fr. 
Because of this, the emfs induced by the pulsating rotor 
field in the like phases of the stator windings in both the 
transmitter and receiver are identical: 


Ear = Eqn, Eur = Ey, Eo = Eon 


In the loops formed by the interconnected phases, these 
emfs are in opposition to one another. Therefore, no currents 


206 Part Four. Induction Machines 


are flowing in the stator windings, and the two synchros 
develop zero torques. Any change in the position of the 
transmitter rotor is not immediately followed by the receiver 
rotor, and their positions differ by what is called the error 
angle, 
AB = Br — Br 

So long as the error angle is nonzero, the balance of emfs 
in the like phases is upset (E,.7 4 Ea,n, and so on), currents 
begin to flow in the stator windings, and the currents in the 
rotor windings cease to be the same. The interaction of the 
stator and rotor currents produces torques, T'em.r and Tem.» 
which act on the transmitter and receiver rotors, respective- 
ly. By a well-known rule, it can be found that these torques 
act in the opposite directions, so that the receiver rotor is 
constrained to take up the same position as the transmitter 
rotor, and the error angle reduces to zero, AB = 0. 

In actual systems, the receiver rotor is always acted upon 
by a small resistance torque due to friction in the bearings 
and at the slip-rings, and also the load torque due to the 
device coupled to the synchro shaft (this may be the pointer 
of an indicator, the wiper of a servo-operated potentiometer, 
and the like). 

Because of this, when the two units are at rest, their 
positions will agree within a certain static error, AB. An 
amount of inaccuracy (or uncertainty) may be added by 
manufacturing tolerances, the structure of the cores, etc. 
Depending on the accuracy class, synchros may be accurate 
to within 0.25 to 2.5 degrees of an arc. 

Brushless synchros come in two basic modifications, name- 
ly nonsalient synchros with a ring transformer, and claw-pole 
synchros. In the former type, the single-phase rotor (field) 
winding, FW, is supplied from a ring transformer similar to 
that used in brushless induction resolvers (see Fig. 49-5). 
In the latter case (see Fig. 49-11), the field winding, 3, and 
the synchronizing winding, 4 are both wound on the stator, 
whereas the rotor carried in bearings § is made unwound. 
The synchronizing winding is placed in slots on the stator, 5. 
Both the winding and the stator core do not differ from their 
counterparts in a brush-type synchro. 

In the synchro of Fig. 49-11, the heteropolar excitation 
field linking the synchronizing winding is established by the 
stationary field winding made up of two ring-shaped coils, 3. 
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The coils are supplied with a.c. and set up a pulsating flux 
which has its path completed around the coils as shown in 
the figure by the dashed line. This path runs through the 
stator frame 2, a nonmagnetic gap, the right-hand claw- 

pole 1, the nonmagnetic gap, the teeth and yoke of the stator 
core 5, the nonmagnetic gap, the left-hand claw-pole 7, 


26384 56 


ae = ano, A 








Fig. 49-11 Arrangement of a brushless ce! 


and again the gap. In order to prevent the flux from “short- 
ing” between the poles without threading the stator core 
and linking the synchronizing winding, the claw poles are 
separated by a nonmagnetic gap, and the shaft, 7, is made 
of a nonmagnetic material. Any other undesirable path for 
the flux is avoided by providing a broad gap 6 between the 
stator core and frame. 

With the above arrangement, the field in the stator core 
varies with the rotation of the rotor in the same manner as 
in a conventional brush-type synchro. 

Brushless synchros are more reliable and accurate, but 
their design is more elaborate and they have a larger size 
and mass. 


% 50 Practical Induction Motors 
50-1 General 


In the Soviet Union, induction motors are fabricated in 
standard or unified ranges covering between them all the 
necessary power ratings and rpms. 

General-purpose induction motors come,in a fixed spect- 


rum of power ratings at any rpm. Basic models’ are intended 
for a 50-Hz supply. 
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The more recent makes of induction motors are manufac- 
tured in compliance with relevant IEC recommendations as 
regards outline and mounting dimensions, so they are inter- 
changeable with other makers’ motors. 

For the most part, the induction motors of Soviet manu- 
facture are the squirrel-cage type, designed for the moderate 
climates. 

The insulation is class E, class B, and class F, depending 
on motor size and axis height. 

The terminal boxes on the motors are of enclosed construc- 
tion, with a gland for attachment of a rigid or a flexible 
conduit or a cable. 


50-2 Modifications of the Basic Models 


Modifications involve tropicalization, enhanced resistance 
to chemicals, moisture, frost, etc. Some makes are adapted 
to a 60-Hz supply. In size, modified units are the same as 
their respective basic models. 

As regards the type of enclosure, Soviet makers turn out 
splash-proof units (the enclosure will not permit entry of 
drops falling at 60° from the vertical, Fig. 50-1), and totally 
enclosed (the enclosure will keep out solid particles at least 
4 mm in diameter and drops of water falling from any direc- 
tion). 


Table 50-1 Electrical Modifications of Induction Motors 


Modification Application 
High starting torque Heavy starting requirements (compres- 
sors, crushers, pug mills, etc.) 
High-slip High moments of inertia, pulsating load 
torque, frequent starting and rever- 
sals 


High-performance (high | Operation on a round-the-clock basis 
efficiency and power 


factor) 

Wound-rotor Where the supply line does not have a 
sufficient power to start squirrel- 
cage units. In applications calling 
for continuous speed control down- 
wards from the synchronous one 

Low-noise Where high noise level is prohibited 

Multispeed Drives for machine-tools, winches, etc. 


Built-in For machine-tools and other machinery 
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Fig. 50-1 Splash-proof induction motor 


Synchronous 
Machines 





51 A General Outline 
of Synchronous Machines 


51-1 Purpose and Field of Application 


A synchronous machine is an a.c. two-winding machine in 
which one winding is connected to a supply line operating 
at a constant frequency @,, and the other is excited by direct 
current (@, = 0)*. It owes its name, “synchronous”, to the 
fact that the rotor must rotate at synchronous speed, that is, 
the speed corresponding to the frequency of the a.c. supply. 

Most frequently, the stator carries a heteropolar, three- 
phase, 2p-pole armature winding (see Chap. 22), and the 
rotor carries a heteropolar 2p-pole field winding (Fig. 51-1a). 

On small machines (2-5 kW), the armature is sometimes 
wound on the rotor; this is known as the inverted arrangement 
(Fig. 51-1b). The field winding is then wound on the stator. 
Whether the armature is wound on the stator or rotor does 
not affect the electromagnetic performance of the machine. 
However, for big machines, the normal arrangement with 
the armature on the stator is preferable. The point is that 
the sliding contacts on the rotor carry as little as 0.3% to 
2% of the converted power, whereas in the inverted arrange- 
ment they have to transfer total power. 

The part of the machine carrying the armature winding 
is called the armature, and the part carrying the field wind- 
ing is sometimes called the field structure. So, in the normal 
arrangement, the stator is the armature, and in the inverted 
arrangement, the rotor is the armature. 


* In a wider sense, the term “synchronous” refers to two-winding 
a.c. machines in which both windings are excited from supply lines 
at fixed frequencies, m, and wa, (see Sec. 21-2). 
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Frequently, the excitation field for synchronous machines 
is established by permanent magnets. 

The primary use for synchronous machines is to convert 
mechanical energy to electricity. The bulk of the energy 
used in the Soviet Union is supplied by synchronous three- 
phase generators driven by steam, gas, or water turbines. 





Fig. 51-1 Synchronous machine: (a) normal (rotating-field) and (b) in- 
verted (stationary-field) arrangement 


1—armature ea a he ks armature winding; 3—field-structure core; 4— 
field winding; 5—brushg 


There are also engine-type synchronous generators (those 
driven by Diesel, gasoline, or steam engines); they are built 
for small outputs and supply isolated loads. 

The second important application for synchronous machi- 
nes is as motors, especially for large units (reciprocating 
compressors, blowers, and hydraulic pumps). They compare 
favourable with induction motors in that they generate 
rather than expend reactive power. Small synchronous motors 
(notably those with permanent-magnet excitation) are very 
popular, too. 

As a rule, synchronous machines are designed so that they 
can generate reactive power about equal to the active 
power (about 60% and 80% of the total power, respectively). 
Sometimes, it is advantageous to install near major indust- 
rial centres what are known as synchronous condensers— 
synchronous machines specifically built to generate reactive 
power only. 

The data ordinarily stated on the nameplates of synchro- 
nous machines include the following: 

(a) Power rating (the total kVA for generators and synchro- 
nous condensers, and the shaft kW for motors). 

(b) The rated power factor (at overexcitation). 


14* 
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(c) The rated efficiency (for motors only). 

(d) The stator phase connection. 

i) ne rated line voltage of the armature (stator) wind- 
ing, V. 

(f) The rated rpm (and also the runaway rpm for hydro- 
electric generators). 

(g) The rated frequency of the armature current, Hz. 

(h) The rated line current of the armature, A. 

(i) The rated voltage and current of the field winding, V. 

In the Soviet Union, all industrial synchronous machines 
are built for a 50-Hz supply. The requisite synchronous speed 
n (in rpm) or the requisite angular velocity Q (in radians 
per second) is obtained by securing the number of pole pairs 
as given by the following equation: 


p = 60fl/n = anf/Q 


The numbers of pole pairs for some likely rpms are listed 
below. 


| 1 2 3 4 8 16 32 64 
n, rpm .. 3000 1500 1000 750 375 187.5 93.7 46.9 


Depending on the turbine power rating and the water head 
available, the speed of hydro-electric generators ranges 
anywhere between 50 and 600 rpm. The higher speed hold 
for high-head dams with low-power turbines, and the lower 
speeds apply to low-head dams with large turbines. 

In the Soviet Union, steam- and gas-turbine generators 
are built for 3 000 rpm and have two poles. Four-pole turbo- 
generators are built in the Soviet Union for nuclear power 
stations where the steam pressure and temperature are not 
high enough for the turbines to run faster than at 1 500 rpm. 

The conditions under which hydro-electric and turbine- 
driven generators are operated affect their design. Hydro- 
electric generators (see Fig. 51-2) are predominantly built 
with their shaft in an upright position. The turbine is 
located under the generator, and its shaft carrying the 
impeller is coupled to the generator shaft by a flanged joint. 
Because the rpm is low, whereas the number of poles is high, 
the rotor of the generator has a large diameter and a relati- 
vely short active length. As a rule, the rotor is of salient- 
pole construction (see below). The active (electrical) parts 
take up a relatively small fraction of the total volume, the 
larger proportion being occupied by the structural (or me- 
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chanical) parts, such as the thrust bearing which supports 
all the rotating parts of the generator and turbine, the 
guide bearings to hold the rotor in its designated position, 
the top and bottom spiders giving support to the bearings, 
the stator frame, the rotor hub, air coolers, oil coolers, etc. 

Generating units consisting each of a turbine and a hydro- 
electric generator are the biggest machines used in any 
industry. With a power output of 200 to 600 MVA apiece, 
they stand 20 to 30 m high. The world’s largest hydro- 
electric generators are those built for the Sayano-Shushensk 
Station in the Soviet Union. They spin at 143 rpm and 
generate 715 MVA of power. The outside diameter of such 
a generator is about 15 m, and that of its rotor is about 12 m; 
the stator core is 2.75 m long. 

In contrast to hydro-electric generators, turbogenerators 
are nearly always made with a horizontal shaft (see Fig. 54-5). 
The rotors of turbogenerators are usually of round (or cylin- 
drical) construction, and their diameters are smaller than 
their active length. At 3 000 rpm, the limits (chosen from 
considerations of mechanical strength) are 1.2-1.25 m for 
the diameter and 6.0-6.5 m for the length. Because the 
structural parts are smaller in size, the active (electrical) 
parts account for a larger proportion of the total volume. 

A recent trend in generator engineering has been to build 
units of ever increasing power ratings. As regards turbine- 
driven generators, this is achieved without an appreciable 
increase in physical size, through the use of better cooling 
methods and systems. Taking the Soviet Union as an exam- 
ple, the 800-MW to 1000-MW turbogenerators designed 
in the 1970s had practically the same overall dimensions as 
the 100-MW machines built in the 1940s. The only difference 
is that the newer machines use direct cooling for the wind- 
ings by hydrogen at a pressure of 5 x 10° Pa, distilled 
water, or mineral oil. 

Synchronous motors of Soviet manufacture are commer- 
cially available in power ratings from 100 kW to tens of 
megawatts and with speeds from 3 000 to 100 rpm. 3000-rpm 
and 1500-rpm units have cylindrical rotors and are close 
in the general arrangement to turbogenerators. Units for 
1 000 rpm and less have salient-pole rotors and are close in 
the general arrangement to hydro-electric generators when 
made with a vertical shaft, or to Diesel-driven generators 
when made with a horizontal shaft. 
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For pumped-storage stations, synchronous machines are 
designed for both motor and generator operation. When 
used as motors, they drive the pumps that move water to 
the upper reservoir. When the water released from the upper 
reservoir drives the associated turbine(s), the latter actuates 
the machine to operate as a generator. Such machines come 
in ratings of 200 to 300 MW. 

Synchronous condensers of Soviet manufacture come in 
ratings from 15 to 160 MVA and for speeds from 750 to 
4 000 rpm. They have salient-pole rotors and, usually, hydro- 
gen cooling. 

Depending on power rating and rpm, the rated armature 
voltages may be from 0.23 kV to 15.75 kV for generators 
and from 0.22 to 10 kV for motors. In large turbogenerators 
and hydro-electric generators, it is from 18 to 24 kV. The 
rated field voltage is from 24 to 400 V. 

The efficiency of synchronous machines improves as their 
power rating and rpm are increased. For ratings from 100 
to 4000 kVA, it is 0.9-0.95. For large hydro-electric gener- 
ators and turbogenerators, it is 0.97-0.99. For more detail, 
see Chap. 62. 


yx 51-2 A Brief Historical Outline of 
Synchronous Machines 


The single-phase multipolar synchronous generator was 
invented in 1832, a year after Faraday had discovered elec- 
tromagnetic induction. An anonymous inventor who signed 
his patent application by the letters P.M. proposed to use 
permanent magnets as the source of field excitation. The 
horse shoe-shaped magnets were mounted around the peri- 
phery of a rotating disc so that they formed a system of poles 
alternating in polarity. Opposite the permanent magnets 
were stationary, massive steel coil-carrying cores mounted 
on a Steel ring acting as the yoke. The number of cores was 
the same as that of magnet poles. Further work on synchro- 
nous generators was delayed for a long time, because all 
practical applications in those days required direct current. 

It was not until 1863 that Wilde implemented in the syn- 
chronous generator the idea advanced in 1851 to replace 
the permanent magnets by electromagnets energized from 
an auxiliary d.c. generator which later came to he known 
as the exciter. 
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In Wilde’s single-phase synchronous generator, the sta- 
tionary field structure was a U-shaped electromagnet whose 
pole-pieces enclosed a rotating armature. Instead of a bar- 
shaped armature, Wilde used an H-shaped armature propo- 
sed by Siemens in 1856 and now known as the salient-pole 
construction. Physically, it was the shape of a cylinder with 
slots on the outer surface for a winding whose terminal leads 
were brought out on slip rings. 

Work on synchronous generators was stimulated by the 
invention of the electric lamp by Yablochkov in 1876. 
Immediately after the invention, Gramme’s works began 
quantity production of single-phase synchronous generators. 
Earlier, they were made in units on the basis of d.c. machi- 
nes. Already in 1876, Yablochkov designed, in cooperation 
with Gramme, several synchronous generators similar in 
overall design, each intended to power a different number 
of electric lamps (four, six, sixteen, or twenty). In fact, 
they were polyphase synchronous machines in which the 
phases were electrically isolated. A unit designed to supply 
46 lamps had 16 coils on a stationary ring armature and 
8 d.c.-excited salient poles on the rotor. The coils were 
interconnected so that two electrically independent phases 
were formed, with their emfs displaced by a quarter of a 
cycle from each other. 

Until the end of the 1880s, the armatures of a.c. generators 
were made solid. To minimize heating by eddy currents, the 
armature core was made as small as practicable, or was 
omitted altogether. This naturally led to an increase in the 
reluctance of the magnetic circuit and a reduced efficiency. 
Still, this principle was embodied in fairly large a.c. ma- 
chines. In 1882, Gordon built a two-phase synchronous 
generator with two electrically uncoupled phases, to feed 
electric lamps. The generator was driven by a steam engine 
at 146 rpm and produced 115 kW of power. 

The subsequent period in the development of a.c. genera- 
tors was associated with Dobrowolsky who proposed the 
use of a three-phase system of currents and came out with 
many ideas and embodiments, including three-phase syn- 
chronous generators. Among other things, he used a drum 
(or barrel) armature winding composed of three parts inter- 
connected in a delta or a star. This led to a generator design 
capable of supplying an interconnected three-phase system 
which, in contrast to a system with independent phases, 
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required three instead of six line conductors. In 1890, he 
proposed a four-wire, three-phase system. The fourth “wire” 
was, aS Dobrowolsky suggested, the ground. 

The first three-phase generator was designed by Brown 
of the Erlikon company, in cooperation with Dobrowolsky, 
for the experimental Laufen-Frankfurt power transmission 
line whose commissioning was timed with an international 
electrical engineering exhibition in 1891. The 95-V, 40-Hz, 
150-rpm, 230 kVA generator was driven by a hydraulic 
turbine. It embodied all the latest advances in the field 
of d.c. electrical machines of that time, notably a drum 
armature winding placed in the slots of a toothed core built 
up of laminations. The three-phase winding was wound on 
the stator, and the field windings on the rotor—an arrange- 
ment that is still in use in present-day synchronous ma- 
chines. 

Instead of a salient-pole rotor ordinarily used in single- 
phase synchronous generators, Brown employed a ring- 
shaped field winding (common to all the poles) put around 
the shaft and placed between two steel blocks with claw- 
shaped projections that set up a system of poles alternating 
in polarity. This rotor design did not prove its worth, and 
now it can only be found in special-purpose synchronous 
generators (see Chap. 63). 

Emphasis on nonsalient-pole synchronous machines was 
stimulated by the advent of steam turbines having faster 
speeds and higher efficiency than reciprocating steam 
engines. For the first time, steam turbines were used to 
drive three-phase generators in 1899. In that same year, 
an electric station was put in service at Elberfeld, where 
the turbines were of the multistage reactive type invented 
by Parsons in 1884. They served as the prime movers for 
1000-kW  turbogeneratlors. 

The early turbogeneralors had salient-pole rotors with 
concentrated field windings. In the first decade of the 20th 
century, turbogenerators came to use nonsalient-pole rotors 
with a distributed field winding. 
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51-3 Construction of Salient-Pole 
Synchronous Machines 


The construction of a synchronous machine and, above all, 
of its rotor substantially depends on the desired speed*. 
At n< 1500 rpm and p> 2, which applies to hydro- 
electric generators, synchronous condensers and low-speed 
motors, the rotor is of the salient-pole type, and a machine 
using it is referred to as a salient-pole machine. At n = 3 000 
(or 1500) rpm and p = 14 (or 2), which applies to turbo- 
generators and turbomotors, the rotor is a nonsalient- 
pole (round or cylindrical) type, and a machine using it is 
called a nonsalient-pole, (round-rotor or cylindrical-rotor) 
machine. 

An example of a salient-pole synchronous machine is the 
vertical-shaft hydro-electric generator shown in a cut-away 
view in Fig. 51-2. 

The stator of a synchronous machine does not differ from 
that of an induction machine. With an outside diameter of 
less than one metre, the stator core is built up of one-piece 
ring-shaped electrical-sheet steel laminations (see Chap. 39 
and Figs. 39-1, 39-3, and 39-6). With an outside diameter 
of over one metre, which is true of most synchronous ma- 
chines, each layer of the core is assembled of many segments 
(which is also true of induction machines). 

The segments (Fig. 51-3) are punched in electrical-sheet 
steel 0.5 mm thick. On the outer surface, the yoke of each 
segment has recesses for attachment to structural parts of 
the machine. The circumferential dimensions of segments 
and the layout of recesses (usually, dove-tailed) are chosen 
so that each layer contains a whole number of segments, and 
the segments in the next layer are shifted relative to those 
in the previous layer (usually, by a half-width). In this 
way, the air gaps between segments in one layer can be 
shunted by those in the next adjacent layers in the same 
way as in a transformer core stacked up of individual lamina- 
tions. Of the two likely segment designs shown in Fig. 51-3, 
preference is usually given to that in Fig. 51-3a where all 


* Only large synchronous machines will be discussed here. For 
more detail on fractional-hp synchronous machines, refer to Chap. 63. 





Fig. 51-2 Indirectly air-cooled, salient-pole synchronous machine 
(hydro-electric generator): 


1—stator frame (yoke); 2—rotor pole; 3—statorcore; 4—field coil; 5—winding 
bracket; 6—oil cooler; 7—thrust-bearing segment; 8—upper guide-bearing seg- 
ment; 9—thrust and guide bearing sleeve; 10—exciter armature; 11—exciter 
pole and winding; 12—exciter commutator; 13—exciter brushgear; 14—generator 
slip rings; 75—Sslip-ring brushgear; 176—regulator generator; 17—exciter frame; 
18—upper spider; 19—machine field to slip-ring connection; 20—rotor rim (yoke); 
21—lower spider; 22—shaft; 23—lower guide bearing sleeve; 24—lower guide 
bearing segment; 25—brake; 26—rotor braking ring; 27—axial-flow fan; 28— 
a peel 29—stator coil; 30—coil winding terminal leads; 3i—pole pressure 
plate 
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the teeth in a segment have the same strength and resistance 
to vibration. 

A segment-type stator core (at 3 in Fig. 51-2) is stacked 
up on frame wedges / which enter the dove-tail recesses in 
the segments. Attachment of a wedge to the frame, 2, is 
shown in Fig. 51-4. An alternative form of attachment is 
shown in Fig. 51-5 where wedge 7 is made fast to frame J 





Fig. 51-3 Stator core segments: (a) with dove-tailed recesses on slot 
axis; (b) with dove-tailed recesses on tooth axis 


by gussets 8. Axially, the core 6 is clamped by pressure 
segments 4, studs 3, and nuts 2. The studs are placed between 
the wedges, so in the section- 
al view they are seen at the 
background. A pressure seg- 
ment, 4, and a vent segment, 
5, which is included to form 
a radial ventilating duct in the 
core, are shown next to the 
sectional view of the stator in 
axonometric projection. Plates 
9 fasten studs 3 to the frame 
and prevent them from vib- 
ration. 

The slots in the stator core 
are usually of open design. 
They receive a heteropolar, Fig. 51-4 Wedges welded to 
three-phase winding (at 29 in frame rings 
Fig. 51-2). 

Large salient-pole synchronous machines for 3 kV and 
higher use any one of two types of the two-layer winding, 
namely multiturn (from two to six turns) formed-coil lap 
windings, and har-type (single-turn) wave windings. The 
insulation on a formed-coil and a bar-type winding is il- 
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lustrated in Fig. 51-6a and b, respectively. Each turn or bar 
of a winding consists of an even number of rectangular 
strands insulated from one another and arranged in two 
rows in the slot width. As a further remedy against the 
effect of eddy currents, it is usual to transpose the termina] 


= 5 
= 


Fig. 51-5 Attachment of a segment-type core in the stator frame 


fPut 





leads and end connections (overhangs) of formed-coil win- 
dings and the strands within each slot in bar-type windings 
(see Sec. 34-2). 

In a multi-turn formed-coil winding (see Fig. 51-6a), the 
turns consisting of one or several strands, J, are insulated 
from one another by turn insulation, 2, and from the ground- 
ed parts by ground insulation, 3. In a bar-type winding 
(see Fig. 54-6b), the ground insulation, 3, also doubles 
as turn insulation. An insulating plate, 2, separates the 
adjacent rows of strands the voltage between which is 
very low (by two orders of magnitude lower than the turn 
voltage). As a way of reducing the electric field in the air 
gap between the ground insulation and the core, an outer 
wrapper of a semiconducting material, 4, is applied to 
the coil. 

In large machines, the coil conductors, when energized, 
are subjected to appreciable electromagnetic forces. These 
forces are especially large at starting or in the case of a 
sudden short-circuit. To prevent damage to the coils or pro- 
hibitive vibration, the slot conductors, end connections and 
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overhangs must be reliably anchored in place. This is done 
with nonmagnetic built-up insulating wedges which are 


driven into recesses in the slot 
sides (at 7 in Fig. 51-6). As a 
further safety measure, insul- 
ating plates 6, 5 and & are 
placed under the wedges, bet- 
ween the layers, and at the slot 
bottom. Their thickness is 
chosen so as not to leave any 
clearance between the wedge 
and the coil. 

The coil ends, or overhangs 
(at 5 in Fig. 51-7) are anchored 
by distance pieces 2 inserted 
between adjacent coil bars, 
and binding rings, Z, placed 
around the overhangs from the 
outside. Adjacent bar conduc- 
tors between distance pieces 
are tied together by a strong 
cord, 3. A similar cord is used 
to tie the bar conductors (or 
formed coils) to the binding 
rings (in large machines, there 
may be several binding rings 
on either side of the stator). 
The connections between coils, 
4, are tied by a cord to the 
overhangs (as shown in Fig. 
51-7) or to brackets attached to 
the frame (as in Fig. 54-2). 

The rotor core of a d.c.-ex- 
cited salient-pole synchronous 
machine may be made solid 
or stacked up of individual 
punchings whose thickness is 
chosen from engineering and 
manufacturing considerations. 
In the generator of Fig. 51-2, 





(a) 
Fig. 51-6 Sectional views of 
slots with (a) two-layer form- 
ed-coil winding and (b) two- 
layer bar-type winding 





Fig. 51-7 Stator coil end (over- 
hang) secured in place 


the poles, 2, are built up of steel punchings 1.5 mm thick, 
the rotor rim (or yoke), 20, is made of a solid steel forging 
mounted on a shaft, 22. Sometimes, the poles may likewise 
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be inade solid. Most frequently, the rotor yoke is built up 
of steel plates 2 to 6 mm thick (if the plates are punched in 
a press) or to 100 mm (if they are gas-cut). The plates are 
clamped by studs. With an outside diameter of 2 to 4 m, 
the rotor yoke is made of one-piece ring-shaped plates and 
is mounted on a shaft directly. With a larger outside diame- 
ter, the yoke is assembled of individual segments held 
together by clamping studs and is mounted on a hub or 





Fig. 51-8 Salient-pole rotor: 

1—rotor spider; 2—rotor rim (yoke); 3—slip rings; 4—shaft; 5—field coil; 6— 
damper winding segment; 7—damper winding bar; 8—pole core; 9—vent duct in 
pole 


spider, 7, as in the case of the salient-pole rotor shown in 
Fig. 51-8. For better ventilation in the case of long machines, 
the yoke is divided into several blocks separated by vent 
ducts which give access for cooling air to the peripheral 
parts of the rotor. Sometimes (Fig. 51-8), radial vent ducts, 
9, are also made in the poles. 

The poles usually have a smaller width than their pole- 
pieces (or pole-shoes). Therefore, in order that preformed 
field coils, 4, could be put on the poles, the latter or their 
pole-pieces must be made detachable. Figure 51-9 shows 
the most commonly used design which employs detachable 
poles assembled of electrical-sheet steel punchings, 1-2 mm 
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thick, axially clamped by studs 70. The poles are attached 
to the rotor core by means of T-shaped shanks, JZ, each of 
which terminates in two pairs of opposing rectangular steel 
wedges, 2. 

In laminated poles important elements are pressure, or 
end, plates having the same shape as the pole laminations. 





Fig. 51-9 Sectional view of a salient-pole rotor: 

i—pole; 2—dove-tail joint wedges; 3—insulating washer; 4—pole ground insu- 
lation; 5—bare field coil conductor; 6—turn (or conductor) insulation; 7—dam- 
per-winding bar; 8—damper-winding segment; 9—pig-tail (flexible conductor) 
between segments; 10—clamping stud; 11—T-shaped pole shank; 12—steel wash- 
er; 13—interpole spacer; 14—spring 


Their purpose is to distribute the force applied by the clamp- 
ing studs evenly over the entire surface area of the pole 
lamination. The pressure plates (at 32 in Fig. 54-2) can be 
seen well in the sectional view of the generator. 

The field coils are wound on edge with bare copper strip 
conductors of a large cross-sectional area (200 to 800 mm’). 
The conductors may be rectangular in cross-section (as at 5 
in Fig. 54-9), or (such as for large hydroelectric generators) 
they may be given the shape of an axe for better cooling of 
the coil. 

After conductor or turn insulation, 6, impregnated in 
thermosetting resin, has been installed between adjacent 
turns, the coil is clamped and baked. Ground insulation, 4, 
is applied to the poles before the coils are dropped in place. 
The manner in which coils are anchored on a pole can be 
seen from Fig. 51-9. The centrifugal force of the slot parts 
directed along the pole axis is resisted by the pole-piece 
tips insulated from the coil by a washer, 3. 
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Recesses in the yoke hold springs 7/4 which act through 
a steel washer 72 and an insulating washer 3 and force the 
coil against the pole, thereby preventing any radial dis- 
placement of the coil at low speed. The normal component 
of the centrifugal force might deform the coil conductors. To 
avoid this, high-speed machines with a large active length 
may sometimes have one or (though seldom) several packing 
blocks 73 installed between the coils on adjacent poles. 

The centrifugal force of the coil ends is taken up by the 
pole pressure tip (at 37 in Fig. 51-2). The field winding, 4, 
is energized directly from the exciter armature, 10. The ex- 
citer brushes, 73, held in con- 
tact with the exciter com- 
mutator, 72, are connected 
2 by an automatic synchronizer 
3 (see Sec. 52-1) to the brushgear 
of the generator. The genera- 
tor brushes are electrically 
connected by sliding contact to 
the field-winding slip rings 14 
and, by cables 79 laid out in 
Fig. 51-10 Field slip-rings of the shaft bore, to the field 
a synchronous machine terminal leads. 

A likely design of slip rings 

is shown in Fig. 51-10. The 

rotor shaft mounts a sleeve, 4, moulded in an insulating 

material, 3. The sleeve receives steel (or bronze) slip rings, 

1, which are mounted while hot. Prior to mounting, the 

spots on the sleeve to be in contact with the slip-rings are 

clad with sheet steel, 2. Each slip ring has a stud, 5, which 

points in the direction of the winding and to which one of 

the terminal leads is connected. From the other ring, the 
stud is insulated by a tube, 6. 

Riding the slip rings are brushes (at 6 in Fig. 54-11). 
Electrically, each brush is connected by a pig-tail (or 
flexible conductor), 3, to a terminal on the brush yoke 
that carries the brush holders. One end of the pig-tail is 
embedded in a brush, and the other is terminated in a 
ring-shaped lug, 2. 

The necessary electric contact between the brushes and 
the slip-rings is maintained by brush-holders which orient 
the brushes as appropriate, apply the necessary pressure on 
the brushes, and permit them to move down as they wear. 
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One or several brushes can ride on the same slip ring. The 
brush boxes 7 are fastened by bolts § to a common steel 
yoke or bracket, 1, insulated from the machine frame and 
connected to one of the terminals in an external circuit. 
The force of spring 5 can be adjusted by moving a bracket, 
4, up or down. 

In the pole faces of synchronous motors and condensers 
and of most generators, it is usual to install heavy copper 





Fig. 51-11 Brushgear 


bars (at 7 in Fig. 51-9) in semiclosed round slots. These bars 
are all shorted together at both ends of the rotor by segments 
8 and jumpers 9, also made of copper. These short-circuited 
bars form what is known as a damper (or amortisseur) winding. 
It improves the transient stability, that is, the ability of 
the machine to withstand sudden changes in load without 
losing synchronism. 

The damper winding serves an additional purpose at 
starting, doing the same job as the auxiliary winding in 
split-phase induction motors. For this reason, it is also 
called the starting winding. Good performance during 
transients and at starting is shown by a.double-axis damper 
winding (see Fig. 51-9) in which the segments are combined 
into a single shorting ring by flexible jumpers. A direct-azis 
damper winding (see Fig. 51-8) without flexible jumpers is 
inferior in performance and is only used in small generators. 


15—0240 
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No damper winding is installed on machines with solid 
poles, because the eddy currents induced in such poles 
supply the necessary damping action during transients. As 
a way of enhancing the damping action, the faces of solid 
poles are electrically interconnected by flanged copper 
segments and flexible jumpers placed in between. With such 
an arrangement, the transient behaviour of the machine is 
the same as if it were fitted with a double-axis damper 
winding. 

The functions of the structural parts in the vertical-shaft 
hydro-electric generator of Fig. 51-2 are explained in the 
accompanying legend. The arrows in the figure indicate 
the direction of air flow inside the machine (air is scooped 
from the outside, forced through the machine, and discharged 
into the generator hall). In more detail, the cooling systems 
and the structural parts of hydroelectric generators, syn- 
chronous condensers, and salient-pole synchronous motors 
will be discussed in Chap. 62. 


51-4 Construction of Nonsalient-Pole 
Synchronous Machines 


A nonsalient-pole rotor is typical of two- and four-pole 
synchronous machines running at 3000 and 1500 rpm. 
A salient-pole rotor cannot be used because of the difficulty 
in securing the concentrated field windings on the few poles 
(which is especially true of two-pole machines). So, two- and 
four-pole machines have nonsalient-pole rotors, although the 
salient-pole design would be less expensive to make. 
The general arrangement of a typical nonsalient-pole syn- 
chronous machines—a low-rating two-pole turbogenerator 
with indirect air cooling—is shown in Fig. 54-12. The rotor 
core 2 is made integral with shaft extensions from a single 
steel forging. (Within the active zone, the core acts as the 
shaft.) More clearly, the core proper and a shaft extension 
of a nonsalient-pole rotor can be seen at 3 and 6 in Fig. 51-13. 
To ensure a sufficient mechanical strength under the 
action of centrifugal forces, the core is fabricated from 
high-strength steels alloyed with chromium, nickel and 
molybdenum. As is shown in the sectional views in Fig. 51-14, 
rectangular slots are milled on the outer surface of the rotor 
to receive the coils 5 that make up the field winding whose 
circuit is shown in Fig. 22-12. The slots are uniformly dis- 
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tributed in two diametrically opposite belts each of which 
spans one-third of the circle. Within each belt, minor core 
teeth 3 are formed between the slots, and major teeth 2 
are located between the two belts. In the centre, the rotor 
has a through opening, 4. 





Fig. 51-13 Nonsalient-pole rotor: 


1—slip rings; 2—binding ring; 3—solid rotor; 4—nonmagnetic rotor slot wedge; 
5—centrifugal fan; 6—rotor shaft extension 


On high-speed nonsalient-pole machines, the conductors 
and insulation of the field winding are subjected to large 
centrifugal forces and appreciable thermal stresses. Because 
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Fig. 51-14 Sectional views across and along a nonsalient-pole rotor 


1—rotor yoke; 2—major core tooth; 3—minor core tooth; 4—axial duct in core; 
§—field coil; 6—axial duct in major tooth; 7—magnetic wedge in duct; 8—non- 
magnetic wedge; 9—binding ring; 10—centring ring; 11—field winding to slip 
ring connection; 12—slip rings; 13—sleeve insulation; 14—slip-ring sleeve 


of this, the field conductors (at 7 in Fig. 51-15) are fabricated 
of silver-alloyed copper which has an increased mechanical 
strength. The type of insulation is chosen according to the 
type of cooling and ventilation used. With indirect cooling 
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(Fig. 51-152), the turn insulation, 2, is made of micanite and 
glass-fibre tape. The ground insulation is in the form of slot 
cells fabricated from micanite or glass-fibre cloth, 3, by hot 
moulding. The slot cell has a protective wrapper 4 of steel. 
After the turns have been placed in a slot, the edges of the 


slot cell are heated and lap- ae 
Yj 


folded. Before wedges 7 are 
Y 
aw ky 








to be driven in, a micanite 
plate 5 is placed over the cell, 
and this is topped by a steel 
plate, 6, which is in direct 
contact with the wedge. The 
wedges are made of duralumin, 
an aluminium alloy of high 
mechanical strength. 

With direct hydrogen cool- 
ing (Fig. 54-15), the turn in- 
sulation within a slot is in 
the form of glass-fibre cloth 
strips 2 pasted over the conduc- 
tor, J. The slot cell is made 
of glass-fibre cloth 3 with an 
outer wrapper 4 of steel. At 
the bottom of the slot cell is 
Placed a profiled glass-fibre- Fig. 54-15 Field-winding con- 
cloth laminate plate & with ductors in a slot of a nonsa- 
ducts for cooling gas. The wedge _lient-polesynchronous machine: 
7 is driven over aglass-fibre- () indirect cooling; (b) direct 
cloth laminate plate § which °!ing 
has slots to admit cooling gas 
to and from vent ducts on the sides of the coils within the slots. 

The radial centrifugal forces acting on the field coils 
(at 5 in Fig. 51-14) within the slots are transferred via wedges 
8 to teeth 2 and 3 and resisted by the rotor core yoke 7. 
The centrifugal forces acting on the coil ends (overhangs) 
are transferred through insulating plates to the solid, sub- 
stantial binding rings. In small turbogenerators, the bind- 
ing rings (at 7 in Fig. 51-12) made of high-strength alloy 
steel are separated from the core by an air gap So as to pre- 
vent the formation of a closed magnetic path around the coil- 
ends, and are solely supported by acentring ring, 727, mount- 
ed on the shaft extension of the rotor. In large t urbogenera- 
tors, the binding rings (at 9 in Fig. 54-14) made of non- 
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magnetic steel are supported by the core teeth, 2 and 3, 
and a centring ring, 10. 

Current from an exciter (at 16 in Fig. 51-12) is carried to 
the terminals of the field winding 70 over a circuit passing 
from the exciter brushes, via the automatic synchronizer, the 
brushes riding the slip-rings of the generator, the slip-rings 
of the field winding, to the conductors 21 that interconnect 
the slip-rings and the field winding. 

The stator of a nonsalient-pole synchronous machine is 
built along the same lines as that of a salient-pole machine, 
and only differs in the relative magnitudes of the principal 
dimensions (see above). Small nonsalient-pole machines use 
lap windings assembled from multiturn (usually, two-turn) 
formed coils (at 5 in Fig. 51-12). Large turbogenerators only 
use lap windings with two bars per slot. 

The construction of both formed-coil and bar-type wind- 
ings has been described in Sec. 51-3 (see Fig. 51-6). 

The turbogenerator shown in Fig. 541-12 uses indirect 
cooling, with the cooling air circulated in a closed-circuit 
system. The static pressure required to drive cooling air is 
supplied by centrifugal fans, 7/2. The direction of air flow is 
indicated by arrows. The air coolers, external to the ma- 
chine, are not shown in the figure. In the cooling system of 
Fig. 54-12, the hot air is discharged as two streams. More 
advanced cooling systems for large turbogenerators are 
discussed in Chap. 62. 


52 Excitation Systems 
for Synchronous Machines 


52-1 Arrangement of and Requirements for 
an Excitation System 


The direct current required to energize the field winding 
of a synchronous machine is taken from what is known as an 
exciter. Most frequently, this is a d.c. generator (see Sec. 64-12) 
whose shaft is mechanically coupled to that of the asso- 
ciated synchronous machine. 

Several arrangements using a d.c. generator are shown in 
Fig. 52-4 and Fig. 52-22. Apart from the main exciter, the 
system contains a pilot (or auxiliary) exciter to energize 
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the field winding of the separately excited main exciter, 
adjusting rheostats, contactors, remote-control facilities, 
automatic voltage regulators, and some other items. 





Fig. 52-1 Rotating-machine excitation system of a large synchronous 

apes d. tel ted d tor); PE. 
as, r; Exe—exciter (shunt-wound, separately excited d.c. generator), — 

Pot Bpeiter (a separately excited d.c. generator); AR and AR’—adJusting re- 


sistors; Kpp and K,pe—tfield-forcing contactors; Rep and R¢p—tield-torcing resi- 
gtors; K, and K,—contactors of an automatic synchronizer; Rg—damping re- 
sistor 


(1) Field current control. In large synchronous machi- 
nes, the d.c. field current, J;, runs into hundreds or even 
thousands of amperes. Therefore, it would be wasteful of 





Fig. 52-2 Excitation systems for synchronous machines: 


(a) direct rotating-machine type; (b) direct rectifier-type; (c) self-excitation sy- 
stem; 1—synchronous generator; 2—d.c. exciter; 3—a.c. exeiter; ¢—a,.c. pilot 
exciter; 5—gas-filled tube or crystal-diode rectifier; 6—field regulator; 7—trans- 
former; 8—field-regulator controlled reactor; 9—transformer 


power to adjust it with a rheostat connected in the field 
(armature) circuit of the exciter. The losses in the rheostat 
would markedly reduce the efficiency of the synchronous 
machine. 

The field current is therefore adjusted solely by varying 
the exciter field voltage, V;, because the field current varies 
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in proportion to V;: 
I jf = V,/Ry 


The level of field current and of field voltage that must be 
maintained depends on the mode of operation in which a 
given synchronous machine is used. 

In the system of Fig. 52-1, the exciter field voltage is 
adjusted with rheostats (AR in the main exciter and AR’ 
in the pilot exciter). The provision of a pilot exciter extends 
the range of exciter voltage 
adjustment appreciably. In 
smaller synchronous machines, 
a pilot exciter may be 
omitted (which is also true 
of cases where the range of 
exciter field voltage adjust- 
ment is extended by introduc- 
ing nonlinear resistances). 

(2) Excitation field killing. 
It is usual for an excita- 
tion system to include a device 
Fig. 52-3 Decay of field current which would “kill” the field 
onfield killing: 1—with K;open (reduce the field current to 
ane ees using anauto- zero rapidly) when necessary. 
aa ae aa ai The need for field killing may 

arise in both normal operation 
and in an emergency (such as a short-circuit in the stator 
winding). This is done by an automatic synchronizer comprised 
of contactors K, and K, and a damping resistor, Ry. A direct 
break in the field circuit by contactor K, would achieve the 
desired objective in the shortest time (curve J in Fig. 52-3). 
However, the resistance of the arc that would strike between 
the breaking contacts of K, would dissipate all of the energy 
stored by the excitation field. In large machines, this energy 
is so large that upon a direct break the contacts would 
be destroyed. Also, the rapid fall in field current (owing to 
the high are resistance brought in circuit) would give rise 
to a substantial emf of self-induction (back-emf) 


y= —Lz al ,/dt 


It would be many times the rated voltage across the field 
winding and might damage its insulation. 
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To avoid this, the field is killed by the automatic synchro- 
nizer in the following sequence. With K, closed, K, is 
closed (at ¢ = t,) and connects the field winding across the 
damping resistor, Ra ~5R,;. Then (at time t= 0), Ky 
opens and disconnects the exciter from the field winding. 
Because the field energy in the synchronous machine proper 
remains unchanged, opening of K, entails no complications. 
From that instant on, the field current decays at a time 
constant 


Tye = Lyl(Ra + Ry) = T)Ryl(Ra + Ry) 
where 7; = L,/R; is the time constant of the field winding 


with all the other windings open-circuited (see Sec. 71-2), 
in accordance with the following equation 


I; = Typ exp (—t/T;,x) 


along curve 2 in Fig. 52-3. 

The value of the damping resistor is chosen such that 
the field is killed at a sufficiently high rate, but without 
giving rise to voltages detrimental to the insulation: 


Va = Ral; = —L,dal,/dt — Ryl; 
= Ryl; (Ral Ry) = Vin (Ra/ Ry) 


With the commonly used value of the damping resistor, 
Ra = 5R;, the field-killing time constant is 

T 5x > T,/6 & 1s 
(for large machines). Then, vq does not exceed five times 
the rated field voltage. 

(3) Excitation field forcing. The need for excitation 
field forcing would arise when a remote short-circuit in 
the system might cause a fall in the system voltage (see 
Sec. 59-5), and the synchronous machines might otherwise 
drop out of synchronism. Field forcing is effected automa- 
tically by the relays of the machine from which a signal 
comes to close the contactors Ky, and Kyr, (see Fig. 52-1). 
On closing, the contactors short out the forcing resistors 
Ry; and Ri, and the field adjusting resistor AR, and the 
exciter armature voltage rises at a high rate to its maximum 
value, Vym (Fig. 52-4). With a delay decided by the time 
constant of the field winding in the synchronous machine, 
the field excitation current also rises to its limiting value: 


Tim = I4.n (Vim/V 3,2) 
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The performance of a field forcing system is assessed in 
terms of the ratio of the maximum steady-state field exci- 
tation voltage, V;m, to its rated value, V; pn = Ryl;R, 
and also in terms of the rated 
rate of rise of the field voltage 
(from point Z to point 2 on the 
curve in Fig. 52-4), given by 


Vim—V},R 


Saas fr 


Under relevant Soviet stan- 
dards, for large synchronous 
generators and condensers, the 
field voltage ratio must be 
anywhere between 1.8: 1 and 
2 2:1. The rated rate of field 
Fig. 52-4 Build-up of exciter VOltage rise must be from 1.5 
voltage and field current upon to 2.0 times the rated slip- 
field forcing ring voltage per second. For 

other synchronous machines, 
the respective figures are at least 1.4: 1 and at least 0.8 
times the rated voltage per second. 





52-2 Classification of Excitation Systems 


Until the 1950s, the excitation systems for synchronous 
machines had solely been of what may be called the rotating- 
machine type described in Sec. 52-1. In such systems, the 
exciter is a d.c. commutator generator. 

Rotating-machine excitation systems may be divided 
into direct and indirect. In a direct system, the exciter arma- 
ture is directly coupled to the shaft of the synchronous ma- 
chine (see Fig. 52-2a and 0b). 

In an indirect excitation system, the exciter rotor may 
be driven by a synchronous or an induction motor energized 
from the station’s auxiliary bus of from an auxiliary syn- 
chronous generator mounted on the shaft of the main genera- 
tor, or from an auxiliary synchronous generator placed at 
the station specifically for that purpose in a more conve- 
nient location than on the shaft of the synchronous machine. 
Indirect excitation systems differ from those illustrated 
in Fig. 52-2a and b only in that the exciter rotor is coupled 
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to a separate motor rather than to the shaft of the main 
synchronous generator. 

Under a relevant USSR standard, hydro-electric and tur- 
bine-driven generators must have direct excitation systems 
because they are more reliable (indirect excitation systems 
call for special care in coordination). The maximum power 
rating of rotary exciters, as dictated by commutation require- 
ments (see Sec. 64-11), depends on their rpm which is, 
as a rule, the same as that of the main synchronous generator 
(not over 600 kW at 3 000 rpm). Therefore, rotating-machine 
excitation systems cannot be used on two-pole turbogene- 
rators with ratings in excess of 100-150 MW. 

In the 1960s, there was a growing use of rectifier-type exci- 
tation systems using silicon diodes and thyristors. In the 
1970s, rectifier-type excitation systems almost completely 
ousted rotating-machine excitation systems. Today, they 
are used not only for synchronous motors and small synch- 
ronous generators, but also on large turbogenerators, hydro- 
electric generators, and synchronous condensers, including 
those of the highest power ratings. 

Rectifier excitation systems may be classed into three 
broad groups, namely: self-excitation systems, separate- 
excitation systems, and brushless excitation systems. 

In a self-excitation system (see Fig. 52-2c), the energy re- 
quired to excite the synchronous machine is drawn from 
its armature winding as an alternating current which is 
then rectified by silicon controlled rectifiers (thyristors). 
The necessary energy is drawn via a transformer, 7, con- 
nected in parallel with the armature winding, and another 
transformer, 9, connected in series with the armature winding. 
The series-connected transformer permits the field forcing 
function in the case of a near short-circuit, when the voltage 
across the armature winding drops substantially. 

In a separate excitation system (see Fig. 52-2b), the energy 
required to supply the field winding comes from an a.c. 
three-phase generator-exciter, 3, mounted on the shaft of 
the main generator with silicon-diode or thyristor rectifiers 
for a.c.-to-d.c. conversion. The diodes (or thyristors) are 
usually set up in a three-phase bridge circuit. Excitation 
control utilizes variations in both the rectified current and 
the exciter voltage. 

In a brushless excitation system, the rectifiers are mounted 
on the rotating shaft, and the rectified output is fed directly 
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to the field winding, thus eliminating the sliding contact. 
This system differs from that in Fig. 52-20 in that the exciter 
armature is on the rotor, whereas the exciter field winding 
is on the stator and is supplied either from a pilot exciter, 4, 
or from an excitation regulator, 6. 


53 Electromagnetic Processes 
in a Synchronous Machine 


53-1 Voltage and Magnetic Field Waveforms on 
Open Circuit 


On open circuit (at no load), the armature current is zero, 
whereas the field winding carries a direct current, J;, which 
sets up an excitation field inducing an emf, Z;, in the arma- 
ture winding. In an excited machine, this condition can be 
obtained in any one of two ways, namely: 

(a) by opening the line leads of the armature winding 
(thereby introducing an infinite impedance in the armature 
circuit), or 

(b) by injecting an emf in the armature winding to ba- 


lance E,, that is, V, = —E;. 

The procedure in (a) is simpler to implement and is nearly 
always used in measuring open-circuit characteristics. The 
procedure in (b), described in more detail in Sec. 58-2, 
calls for an additional source of V,. Also the armature cur- 
rent will reduce to zero only if EZ; and V, are ideally sinu- 
soidal in waveform. 

In carrying out an open-circuit test by the second pro- 
cedure, the armature winding always retains a small cur- 
rent associated with the harmonic emfs. Because of this 
current, the measurements are always in error, and the error 
is not always easy to estimate. 

An excited machine on open circuit is subject to friction 
and windage losses, P+;y, the armature core loss, P,, and 
some additional (or stray) electromagnetic losses, Pag oc- 
The motor driving a synchronous machine must supply a 
power equal to the sum of the above losses, Pesy + 
+ Paaoc, and accounting for about 0.3 to 3% of the total 
power of the machine. 
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The departure of voltage from a sinewave shape leads to 
additional losses (associated with harmonics) in all ele- 
ments of an electrical system, including loads and power 
sources. This is the reason why the emf of a synchronous ma- 
chine must be as close to sinusoidal as practicable. 

The departure of a voltage or current waveform from a 
sinewave shape is stated in terms of the deviation factor 
(defined in Sec. 27-6). A relevant Soviet standard requires 
that the deviation factor for three-phase, 50-Hz generators 
(including synchronous units) should not exceed 5% at 
ratings in excess of 100 kVA, and 10% at ratings from 1 
to 100 kVA, as measured at open-circuit rated voltage*. 

It has been shown in Sec. 27-6 that even when the excita- 
tion field is nonsinusoidal, the emf induced in the armature 
winding is nearly sinusoidal. The harmonic content of the 
emf waveform can be reduced by chording (short-pitching) 
the armature winding, distributing its coils on a sufficiently 
large number of slots, and connecting its phases into a star 
or a delta. As is seen from, say, Fig. 27-10, the excitation 
field with a devitation factor of 28% induces in a star-con- 
nected armature winding with y, = 0.831 and q=2, a 
linear emf with a deviation factor of 0.7%, which is appre- 
ciably lower than it is required by the standard. It would 
seem, therefore, that no further measures need be taken in 
order to improve the waveform of the excitation field, even 
though it would reduce the distortion of the emf still more. 

However, the effort to improve the waveform of the exci- 
tation field is taken mainly to reduce the harmonic content 
in the field itself, because the harmonics entail additional 
losses as they do not contribute to energy conversion. In a 
star-connected armature winding, the vth harmonic of the 
excitation field causes the field magnetization to change 
cyclically at a frequency of 50v, and this inevitably leads 
to stray losses. In a delta-connected armature winding, 
triplen harmonics give rise to a circulating current at a fre- 
quency of 50v, and this, too, leads to increased copper losses. 
In a relevant Soviet standard it is required that the third- 
harmonic current in a delta connection should not exceed 
20% of the rated current at the rated power. Also, one has 
to reckon with the likely effect of the harmonic fields on 


* On load, the deviation factor somewhat rises. 
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the saturation of the poles, armature teeth and other ele- 
ments of the magnetic circuit. 

As has been explained in Chap. 26, the waveform of the 
excitation field in salient-pole and nonsalient-pole machines 
is improved in different ways. In salient-pole machines this 
is achieved by a proper choice of the ratio of the maximum, 
6m, and minimum, 6, air gap (the air gap under a pole, see 
Fig. 26-1). In nonsalient-pole machines, this is done by the 
choice of the relative wound 
Iength of the pole pitch, p 
(see Fig. 26-4). 

The waveform of the excita- 
tion field on open circuit can be 
characterized in terms of a 
set of factors which depend on 
the relative (pole-pitch) dimen- 
sions (see Fig. 53-2). 

The field form factor is the 
ratio 


Fig. 53-1 Determination of the ky = By m/Bs (53-1) 
excitation field factors where Bg,.m is the peak value 
of the fundamental flux den- 
sity (see Fig. 53-1), and Bs; = Bs, is the radial component 
of the flux density at the pole axis. When the field is sinu- 
soidal, k; = 1. 
The excitation flux form factor is the ratio 


Oym = tHyBs, mean = HstlsBo 
is the total mutual flux, and 





where 


Onm = uleB aii 
is the flux at the fundamental flux density. When the exci- 
tation field is sinusoidal, kg = 1 
The pole span factor is the ratio 
ag = Dym/T1 5B 5 = Bs, mean/B 5 (53.3) 


where Bs mean is the mean flux density in the air gap, and By 
is the flux density at the pole axis. Since 


Bs,mean = Djm/tl5 


and 
Bs = Boi,mlke a! UD pm/2t1 kok, 
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The pole span factor may be expressed in terms of k; and kg as 
2 
a6 = Bs mean /By = ahok; (53.4) 


When the excitation field is sinusoidal, a, = 2/n. 
The emf form factor* is the ratio 


kp za Bs rms./B5,mean (53.5) 


where By rms1 is the rms value of the fundamental flux 
density, and Bs mean is the mean air gap flux density. Since 


Borms, 1 = Botm/V 2= 10 j_/2 V 2kotls 
the emf form factor can be expressed in terms of kg as: 
ke =Bo.rms.1/Bo, mean = 0/2 V 2 ko (53-6) 
When the excitation field is sinusoidal, 
kp=n/2V2= 1.44 


In a nonsalient-pole machine (without allowance for 
saturation), the factors kg, ky, kg and @, are functions of 
only the relative wound length of the rotor pole pitch, p. 
Recalling that in a nonsalient-pole machine the airgap is 
uniform and deeming that the flux density is proportional 
to mmf (see Sec. 26-2), the excitation field factors may be 
written analytically. 

The excitation field form factor for a nonsalient-pole 
machine (neglecting saturation) will then be 


ky =Boi, mn/ Bs =F 44, nl Pym = Igy = (93-7) 


where Fym = I;w; = mmf of the field winding 
(at the pole axis) 
Fyim =(4/n)kayF ym = peak value of the funda- 
mental excitation mmf 
kay sin (px/2)/(px/2) = distribution factor for the 
fundamental mmf 
The pole span factor for a nonsalient-pole machine ne- 
glecting saturation is 


%5 = Bs mean/Bs = Fs mean! F ym = 1 — 0.5p (53.8) 


* This factor is so called because it enables the mutual emf, £}, 
to be expressed in terms of the total mutual flux, ®y,, [see Eq. (53- 44, 
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where F; mean = (1 — 0.59) Fy is the mean mmf at the 
pole axis, found upon replacing the stepped mmf waveform 
by a trapezoidal mmf waveform (see Fig. 26-2). 

Graphically, plots of k;, a5, ke, and kg as functions of p 
are shown in Fig. 53-2. As is 
seen, the excitation field ap- 
proaches a sinewave shape (kg 
and ky are unity very nearly) 
at p ~ 0.65 to 0.75, when the 
winding of a nonsalient pole 
occupies about two-thirds of 
a pole pitch. 

In a nonsalient-pole machi- 
ne, the saturation of the teeth 
has the same effect on the shape 
of the excitation field and the 
values of kg and a, as it does 
in an induction machine (see 
Sec. 40-2). This effect can be 
accounted for by applying the 
correction factors §&, and 
Ea =f (kz) in Fig. 40-2. 

» With saturation, 





Fig. 53-2 Plots of a, kg , ky 


and kg as functions of p fora kg=kgobp 
nonsalient-pole § synchronous (53-9) 
machine 5 = 5050, 


where kyo; Gao = f (p) = values of kz and a, neglecting 
saturation (kz = 1, see Fig. 53-2) 
Es, 4 =f (kz) = correction factors from Fig. 40-2, 
with kz = (F, + Fz,)/F, taken 
as appropriate 

The value of kz is found for each value of D;m in calcu- 
lating the magnetic circuit (see below). In doing so, only 
F,, the air gap mmf, and Fz, the stator tooth mmf, need 
be taken into account. To a first approximation, kz = 1. 
Once ky, and a, have been found, the next step is to de- 
termine ky and k; from Eqs. (53-6) and (53-4). It will be 
seen that they, too, are functions of the saturation of the 

magnetic circuit (that is, functions of kz). 
In a salient-pole machine, kg, k;, kg and a, are mainly 
dependent on the ratio of the maximum air gap, 5m, to the 
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air gap at the pole axis, 6, 
or the minimum air gap (see 
Fig. 53-1). Plots of kg, ky, kg 
and a,» versus the ratio 6,,/6’, 
as found from the field pattern 
of a smooth armature core 
and for the typical relative 
dimensions of salient-pole ma- 
chines (6’/t = 0.03 to 0.05, 
a = b,/t = 0.69 to 0.72) are 
shown in Fig. 53-3. When the 
armature has a smooth surface, 
6’ refers to the air gap between 
stator and rotor at the pole 
axis, 6’ = 6. 

The same set of form fac- 
tors may be utilized in calculat- 
ing the mmfs with saturation 
for real core designs having 
teeth and slots on the stator 
and the pole pieces. An ana- 
lysis of the field in a real ma- 
chine would show that the sa- 
liency of the air gap and the 
saturation of the stator teeth 
and yoke serve to bring down 
the flux density in the region 
of minimum air gap (at a gi- 
ven excitation mmf). At the 
tips of a pole-piece and _ be- 
tween the poles, the effect of 
stator saliency and the satu- 
ration of the stator teeth and 
yoke is immaterial. Therefore, 
in the case of a_ saturated, 
toothed core with an air gap 
whose profile is shown in Fig. 
o3-4 by a full line, the flux 
density and mmf in the air gap 
may be determined, taking an 
equivalent, smooth, unsatu- 
rated core and an increased 
air gap, 5’, whose profile is 
16—0240 
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1.3 





Fig. 53-3 Plots of ag, kg, k’ 
and kg as functions of 5/6; 


for a salient-pole synchronous 
machine 





Fig. 53-4 Replacement of a 
toothed saturated core with air 
gap 5 by a smooth unsaturated 
core with air gap 6’: 

core surface; ———-—— sur- 
face of equivalent core; 7—flux den- 
sity with allowance for saturation 
and saliency; 2—averaged air gap 
flux density; 3—air gap flux density 
for an equivalent core with air gap 6’ 
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shown in Fig. 53-4 by the dashed line. The best approxima- 
tion is obtained when the air gap at the pole tip, 5m, is 
retained unchanged, and the air gap at the pole axis is 
taken equal to 


8’ = bkgkze (53-40) 


where k, is the air gap factor (see below), and kz, = (F5 
+ Fa, + Fo)/F, = 1.0 to 1.4 is the saturation factor. 

To begin with, a guessed value of kz, is taken, then it is 
refined by the method of successive approximation in the 
course of magnetic-circuit calculations (see below). 

The various excitation field factors with allowance for 
saturation and saliency are found from the curves in Fig. 
53-3 as functions of 6,,/6’, where 6’ is the equivalent air 
gap from Eq. (53-10). 


53-2 Calculation of the Magnetic Circuit 

of a Salient-Pole Machine on Open 

Circuit 
The objective of magnetic-circuit calculation on open circuit 
is to determine the d.c. field current J; or the excitation 
mmf Fym that set up a mutual field with a flux Dj, = On 
inducing the desired Z; in the stator winding. 

Recalling that the air-gap field is distributed nonsinu- 

soidally (see above), the magnetic flux is calculated by 
the same equation as for an induction machine, Eq. (40-4): 


On = Dim = keOym = Es/4k pfywykwy (53-41) 


Here, kg accounts for the difference between the mutual 
flux and the fundamental flux given by 


Dpim =V 2 Ey,/2nf wykers 
The rms value of emf, 
E,=V EX+ER+En+... 


is assumed to be the same as the rms value of the fundamen- 
tal emf, ZH; = Ey, because the squares of the harmonic 
emfs, £3;, £?,, are small in comparison with the square of 
the fundamental emf, £7,. The emf form factor, k,, in 
Eq. (53-11) can be expressed in terms of the flux form factor 
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ko as 


and is found with allowance for saturation, airgap shape, 
and mmf for each specified value of Z;. It is especially 
important to calculate the magnetic circuit for two charac- 
teristic values of flux, namely: 

(14) The flux corresponding 
to the rated no-load voltage, 
E; = Vr: 


Om no-load = Vp/4k pf wikwi 
(53-12) 


and 

(2) The flux, Dn, corres- 
ponding to the mutual emf at 
rated load, 


E; = kpVR 


where kg = E,p/Va is the 

mutual emf per-unit regulation 

accounting for the increase in 

F A cute 2 mutual emf as the load is 

re sees ar eeuele field in a varied from no-load (open cir- 

ching: aS lead. ronous ma~ cuit) to full-load (for conven- 
tional generators and motors, 
kp & 1.08). 

To obtain a complete magnetization characteristic of a 
synchronous machine, ®,, = f (E+), it will suffice to carry 
out calculations for Z; = 0.5VrR, Vr, kgVp, 1.2VR, and 
1.3VR, with ©, found from Eq. (53-11). 

The magnetic circuit of a salient-pole synchronous ma- 
chine is shown in Fig. 53-5, and the field pattern on open 
circuit (at no load), in Fig. 53-6. 

The excitation mmf, Fym, that gives rise to Dm, is found 
by Ampere’s circuital law for the mean magnetic line con- 
taining parts L,, (the stator yoke), hz, (the stator teeth), 
6 (the air gap), Am (the pole cores), and La. (the rotor yoke): 


Fym = Fy t+ Fai + Far + Fm + Fas (53-13) 


In calculating F,, it is important to account for the effect 
produced by variations in the radial gap length owing to 
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saliency: 
Fy = (4/wo) Bgk 56 (53-14) 


where B, is the flux density at the pole axis, 6 is the radial 
gap length at the pole axis, and ky is the gap factor. 
The value of B, is found from 


B, = On/a stl, 


where a isthe design pole span factor (the pole arc ratio) 
with allowance for stator saliency and saturation, taken 
from Fig. 53-3 for 6’ = 5k3kz,. As has been explained in 
Sec. 51-1, kz, is first guessed, then refined after F,, Fz, and 
F have been found to a first approximation. The value of 
ks = kgiks. is found via 





bs/6)? 
kos = tzs/(tz1— 16), where y= oe 
and the damper-winding slot factor 
bog/6)? 
koa =tz2/(tz2— 25), where y2= 6 


The mmfs in the stator teeth and yoke, Fz, and F4,, 
are found by the same equations as for an induction machine 
(see Sec. 40-2). Once F5, Fz; and F,; are found, it is an easy 
matter to determine the stator and air gap mmf: 


Fi, =Fyot Fat Fa (53-15) 


and the saturation factor, kz, = F,/F,. If the value of 
the saturation factor thus found markedly differs from the 
guessed value assumed in calculations for a given £,, it is 
necessary to go through the same procedure, taking the 
refined values of the equivalent air gap at the centre of the 
pole, 5’ = 5kgkz, and of the factors kz and a, = f (6,,/6’). 
In going from one approximation to the next, kz, goes up 
in value with an increase in #; and in the saturation of the 
magnetic circuit. 

In calculating the rotor mmfs it is important to remember 
that the rotor core is threaded not only by the mutual field 
which links both the stator and the rotor windings, but also 
by the leakage field linking only the field winding (Fig. 53-6). 

The mean line of the mutual flux passes through points J, 
2, 8, 4, and 5. All lines of the mutual flux cut the air gap 
and take up positions outside the dashed line passing 
through point 6, The lines of the leakage field (say, the line 
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passing through points 7 and 8) encircle the field conductors, 
much as the mutual field lines do, but have their path com- 
pleted through the gaps between the pole-pieces and between 
adjacent poles. The leakage-field lines take up position 
within the dashed line. 

The pole leakage flux ®;, is the sum of two identical 
parts, one of which, ®,;,/2, has its path completed through 
the next adjacent pole on the right, and the other part through 
the next adjacent pole on the left. Half the pole leakage 
flux, D,;,/2, is defined as the flux through the surface between 
points 6 and 9 along the design length of the machine (axial 
gap length) J,. The total pole leakage flux is proportional 
to the permeance per unit length between adjacent poles, 
As, and the mmf between adjacent pole-pieces, Fj, (be- 
tween points 7 and 7’). Because the leakage-field line pas- 
sing through points 7, 8, and 7’ links the current in two coil 
sides, 

2F 5m => 2w,l; 
and includes, in addition to portion 7-8-7’, also a pole-piece 
and the rotor yoke, we may write 


Fyyq oat 2(F tm — Fn — F a2) 

From inspection of the loop 1-2-3-4-5 which coincides 
with the mean line of the mutual field, we may write in 
accord with Eq. (53-13) 

Fy = Fy + Fai + Far = Fim — Fm — Fae 
From a comparison of the last two equations it transpires 


that the mmf between two adjacent pole-pieces, F'77-, is 
equal to the mmf in the stator and air gap: 
Fy = 2Fy = 2 (Fy + Fai + Fas) 

The same result would be obtained, if we recalled that 
2F, is equal to F;, the mmf between points 3 and 3’ lying 
on adjacent pole-pieces, and that the magnetic potentials 
at points 3 and 7, 3’ and 7’ are respectively the same. 

Now the pole leakage flux, ®;,, may be expressed in terms 
of F, found earlier, and A,. Half of this flux is given by 

Dj o/2 = Wpdslg yz = Podsls (2/1) 
Noting that Ajo = 4A, is the permeance seen by the pole 
leakage flux, we finally get: 
Dig = Podyolsl (53-16) 
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The permeance seen by the pole leakage flux, increases 
with an increase in pole-piece height h, and pole-core height 
hm, and with a decrease in the spacing between adjacent 
pole-pieces and adjacent poles (see Fig. 53-6). Equations 
giving A; can be found in [43] and [30]. 

To a first approximation, A;q can be expressed as a frac- 
tion of 44, the air gap permeance seen by the mutual flux: 


Ayo — kis (53-17) 


The ratio of the two permeances, k = A,q/A5, for salient- 
pole machines lies anywhere between 0.15 and 0.35. On the 
average, it may be taken as 0.25. 

The air gap permeance per unit length [see Eq. (53-14)] 


he == Om/pol oF 5 — agt/dk, (53-18) 


is expressed in terms of the principal dimensions of the 
machine, 5 and t. 

On taking a particular value of k = As@/Ag, we can ex- 
press the pole leakage flux, D;,, directly in terms of the 
mutual flux, ©,,. This can be done by considering together 
Eqs. (53-16) through (53-18): 


Ojg = khkzg@Pm (53-19) 


where k = hyo/ANy © 0.25, and kz, = F,/F, is the satu- 
ration factor. 
The total flux through a pole base, M,, is the sum of two 
terms (Fig. 53-6): 
®, = 0, + DO, = 6,0, (53-20) 


where 0, = O,/®,, = 1 + ©;,/O, = 1+ kkz, is the pole 
leakage factor. 
The mmf in a pole core is given by 


Fm = hnHm + Fam (53-21) 
where H,, is the field intensity at the pole base correspond- 
ing to the flux density at the same section [13]: 

Bn = O./kemslmOm 
where 1, ~ 1, = design pole length with allowance for 

the end-plates 


kms = pole-core fill factor! (km; = 0.95 for a 
pole core built up of electrical-sheet 
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steel laminations 1-2 mm thick, and 
kms = 1.0 for solid poles) 
and Fsm = 225 B?, is the mmf at the joint between 
a pole and the yoke. 
The mmf in the rotor yoke (see Fig. 53-6) is given by 


Foo © Lao as (53-22) 


where H,, is the maximum field intensity in the yoke, cor- 
responding to the flux density in the rotor yoke [13]: 


Piece AOE = 
a 2kas (las —Md2Pa2) haz 
where mg. = number of ventilation ducts in the rim 
kas = yoke fill factor (k,, = 0.95 for a yoke built 
up of electrical-sheet steel laminations, and 
kag = 1.0 for a solid yoke) 
The mmf in the rotor, F,, is the sum of two terms: 


PF, = Fm + Fos (53-23) 


The calculation of a maynetic circuit for each assumed 
(or specified) value of Ey is completed by determining the 
excitation mmf, Fym = w,ly, which should balance the 
sum of mmfs in the stator, air gap and rotor: 


Fim = wjly = Fy + Fy (53-24) 


The results of calculations for a range of values of Ey 
are plotted as no-load saturation (or open-circuit) and magne- 
tization characteristics. A no-load saturation curve, or 
open-circuit characteristic, refers to the dependence of 
mutual emf, £;, on d.c. field current, J;, or excitation mmf, 

jm: 

Magnetization curves include the basic magnetization 
characteristic which relates D, to Fym; the magnetization 
characteristic of the stator and air gap which relates ®,, 
to F, (also called the transition magnetization curve); the 
air-gap line relating @,, to /'5; the leakage-flux magnetiza- 
tion curve relating ®;, to /,; and the rolor core magnetiza- 
tion curve, relating ®, to Fy. 

For a salient-pole synchronous machine, the open-circuit 
characteristics and magnetization curves are shown in 
Fig. 53-7. At low excitation, ®,, and EF; are proportional 
to Fym which is practically the same as F';. As saturation is 
increased, an increasingly larger fraction of the total mmf 
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comes from the iron portions of the magnetic circuit, that 
is, Fjm — Fy. The build-up is especially noticeable in Fy. 


This is because the rotor flux 
@, = On + O;, 


depends more and more on ®; 

which rises with increasing 
excitation at a faster rate than 
@,. (The ratio D;,/Dm by 
Eq. (53-19) gradually increa- 
ses.) As a result, Fym= Fi + F, 
differs more and more from 
F;, and the DO», = f (Fym) 
curve progressively departs 
from the air gap line, O,, 
= f (Fo). 

The no-load saturation curve 
or open-circuit characteris- 
tic, Ey =f (Fym), is similar 
in shape to the ©, = f (Fym) 
curve. Both (see Fig. 53-7) may 
be plotted on a per-unit basis, 
taking as the base quantities 
the rated voltage Vp, the mu- 
tual flux on open circuit (at 
no load) 


Dn oc = Vp/4ky fwykyi 


corresponding to the rated volt- 
age on open circuit, E; = Vr, 
and the excitationmmf, Fym= 
Fym,oc = W,ly.0c, also corres- 
ponding to the open-circuit 
rated voltage. The procedure 
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Fig. 53-8 Normalized open-cir- 
cuit and magnetization curves 
of salient-pole synchronous ma- 
chines 


is as follows. Going from point to point on the curves in 
Fig. 53-7, the quantities locating those points are written 


on a per-unit basis: 


Ey; = E;/VR 
ym = Dn/On oc 
Dy 56 = Djo/Om,oc 

Dy. = D,/Dp og 
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Fxjm = F tm/F tm,oc 
Fy = F,/F ym,oc 
Fy5 = F4/Fym.oc 
Fy. = F2/F ym,oc 


Now, the relationships between the per-unit quantities 
involved are plotted on a diagram. As is seen from Fig. 53-8, 
the open-circuit characteristics and basic magnetization 
curves drawn on a per-unit basis are identical. Also, a com- 
parison of the per-unit magnetization curves for a range of 
different salient-pole machines will show that they too dif- 
fer very little. The averaged per-unit open-circuit charac- 
teristics and magnetization curves, called the normal or 
normalized characteristics, are shown in Fig. 53-8. 


53-3 Calculation of the Magnetic Circuit 
for a Nonsalient-Pole Machine on Open 
Circuit 


The magnetic circuit of a nonsalient-pole machine differs 
from that of a salient-pole unit only in the rotor (Fig. 53-9). 
On open circuit (at no load), it is calculated in the same 
manner as explained in the previous section. The magnetic 
field pattern in a nonsalient-pole machine at no load is 
shown in Fig. 53-10. The resultant rotor field (Fig. 53-10) 
is shown as the sum of the mutual field (Fig. 53-10a) and 
the leakage field of the field winding (Fig. 53-100). 

The excitation mmf, F;, which sets up the mutual flux 
@,,, is found by applying Ampere’s circuital law to the 
mean magnetic line, 7-2-3-4-5, which consists of several 
parts, namely: Z,, (the stator yoke), hz, (the stator teeth), 
6 (the air gap), %z. (the rotor teeth), and La. (the rotor 


yoke): 
Fim = Fy + Fe (53-25) 
where F, = Fy + Fz, + Fo, = mmf in the stator and air 
gap 


F, = Fz. + Fog = mmf in the rotor 
The mmf in the stator and air gap, F,, and its components 
F,, Fz, and F,, are found by the same equations as for a 
salient-pole machine [see Eq. (53-14) and Sec. 40-2]; kz, 
a, and ks are found with allowance for the specific features 
of nonsalient-pole machines, 
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He 53-9 Dimensions of the active zone in the rotor of a nonsalient- 
pole machine 
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Fig. 53-10 Magnetic fields in a nonsalient-pole synchronous machine 
at no load: (a) mutual field; (b) leakage field; (c) resultant field 
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The values of i, and a, with saturation are found as ex- 
plained in Sec. 53-1, on taking a guessed value fork, = 
(Fs + Fz:)/F5. The value of k, is found by the equation 

ky = koiks2p + koi (1 — p) (53-26) 
where ky, is found by Eq. (53-14), 
kgs = tzol(tz2 — 28) 
and 
_ _ (bso/6)? 
V2= SH bs/6 

In calculating F, and its components Fz, and Fe, it is 
important (as for a salient-pole machine) to take into ac- 
count the effect of the leakage flux. To determine M, at the 
base of the rotor teeth, ©,, found from the field pattern in 
Fig. 53-10a should be augmented by ®;, found from the 
field pattern in Fig. 53-100. The leakage flux is found by the 
same equations (53-16) and (53-19) as were used for a salient- 
pole machine; it is likewise proportional to F, between points 
8 and 5, which is in turn equal to the mmf between points 7 
and 8 (in Fig. 53-10, the characteristic points are numbered 
in the same sequence as in Fig. 53-6), and to Ayq. The value 
of the latter varies with the shape and the number of rotor 
slots in the leakage-flux path 7-8-7’ between adjacent hete- 
ropolar major teeth, Z,/2p (in Fig. 53-10b, there are six 
slots in half this path), and can be found by the equation 

Ayo = (8p/Z>) (As + At) (53-27) 
where A, = hy/2bs. + he/bs. = rotor-slot permeance seen by 
the leakage flux 
Ay = 0.2 + 6/2t2. = rotor tooth permeance seen 
by the leakage flux 
h, = slot height taken up by 
conductors (Fig. 53-9) 
h, = slot height free from con- 
ductors (in the same figure) 
In nonsalient-pole machines, A;q is smaller than it is in 
salient-pole machines. Its ratio to the air gap permeance 


199 = ast/k 5 oa! On/Wolsk 5 
ordinarily lies in the range 0.035-0.045, and may rise to 


0.06-0.08 in directly cooled machines only. On the average, 
for indirectly cooled machines, this ratio may be taken as 


k = hyglhg = 0.04 
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so that the leakage flux may be calculated by Eq. (53-19) 
where Ayq does not enter. 

The rotor-tooth flux density, Bz, is calculated at the 
design tooth section corresponding to a surface whose dia- 
meter is assumed to be 


Doe a D, _ 2hzo + 2 x 0.2hz.5 


and which lies within 0.2h7, of the tooth base. Also, it is 
important to remember that the design section (see Fig. 53-9) 


1—p) Dp. 
Sz, major — a Ip = bz, major/2 


of the major teeth lying within the region of high flux den- 
sity is completely utilized by the flux. In contrast, the sec- 
tion of minor teeth, (Z,/2p) lebz minor, Gistributed in the 
region of low flux density, is utilized incompletely. The 
fraction utilized is called their design section and given by 


Sz .minor = (Z,/2p) 1252, minor (0.715p) 


where bz minor = (%Do.20/Z2) — bg, and Z, is the number 
of slots on the rotor. 

The mmf in the rotor teeth is given by 

Fo. = hz ze (53-28) 
where Hf z, is the field intensity at the design section of the 
rotor teeth, Sz = Sz major + Sz.minory Corresponding to 
the flux density at that section, Bz, = ®,/S, [43]. 

At Bz, > 1.8T, some of the flux is crowded from the 
teeth into slots, and this should be accounted for by apply- 
ing a correction factor 
1 Do.ole (1 —P+0.715p?) 

2pSz oe 


Families of magnetization curves for rotors with several 
values of i, oc can be found in [13]. 
The mmf in the rotor yoke is given by 


Fax = LasHas (53-29) 


1 


kg, oc =— 


D, = 2hze 
2 


where Lz, = sin (x/2p), or can be taken from Fig. 


53-9, and H,, is the maximum field intensity in the yoke, 
corresponding to the flux density given by [13] 


7 ®, 
Bas =F (D,— Shas a) 
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The mmf in the rotor is given by 
Fy = Fz, + Fas (53-30) 


The calculation of the magnetic circuit for each value 
of E; terminates in finding the excitation mmf, Fym = wyl;, 
required to balance the sum of 
mmfs in the stator and gap, 
F,, and in the rotor, F,: 


Fym = wl, = Fy + Fy (53-34) 


As for a salient-pole ma- 
chine, the results are presented 
as open-circuit and magneti- 
zation curves which may be 
plotted in absolute units (as 
in Fig. 53-7) or on a per-unit 

0 05 0 15 20 25 30 35 basis (as in Fig. 53-8). 

The per-unit characteristics 

Fig. 53-14 Normalized open- of various nonsalient-pole ma- 

circuitand magnetizationcurves chines differ very little, so 

of nonsalient-pole synchro- when the characteristics of 

nous machines a particular machine are not 

available, calculations may be 

based on the averaged per-unit open-circuit and magneti- 

zation characteristics of nonsalient-pole machines, called 

the normal or normalized characteristics. Such characte- 
ristics are shown in Fig. 53-41. 





54 MMF, Magnetic Field, 
EMF and Parameters 
of the Armature Winding 


54-1 Armature MMF and Its Direct-Axis and 
Quadrature-Axis Components 


In a loaded synchronous machine, the magnetic field is 
established by the current in the field winding and by a ba- 
lanced set of currents in the polyphase (usually, three- 
chase) armature winding. The largest contribution to energy 
ponversion in the machine comes from the mutual field cor- 
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responding to the fundamental component of the air gap 
flux density. 

In turn, the mutual field is the result of the joint action 
of the mmf in the field winding, with a peak value Fym 
= wyl;, and the fundamental mmf of the armature winding 
(see Sec. 25-4) with a peak value given by 


Fx = (V 2/n) mil uwykw,/p (54-4) 


To begin with, let us assume that the magnetic circuit 
is unsaturated and that the relative permeability of the 


Hat 





Fig. 54-1 Magnetic field due to the armature mmf on load 


iron parts of the circuit is infinitely large, p,, = oo. On 
this assumption, the reluctance of the magnetic circuit has 
only one constant component, the reluctance of the air gap. 
The magnetic circuit may be deemed linear, and the mutual 
field in it may be represented by the sum of simpler fields, 
namely the field due to F,m and the field due to Fy. 

The field due to Fym has already been investigated in 
connection with the no-load (open-circuit) condition (see 
Chap. 53). At p,, = oo, the mmfs in the iron parts of the 
circuit are zero (Fa, = Fzy = Fm = Fao = Fag = 0), and 
the field mmf needs to balance only the gap mmf, Fym 
= F,. The excitation flux is equal to D,, and EH; may be 
found from the linear initial portions of the magnetization 
and no-load (open-circuit) characteristics (Fig.. 53-7). 
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In the diagram of Fig. 54-1 plotted on the complex plane 
of a two-pole model of a three-phase synchronous machine, 


the directions of the F 7m and Drm phasors are determined 


by the field current phasor J;. The excitation mmf, £;, 
induced in the armature winding by the excitation field, 


lags behind Dim by x/2. 
The armature mmf, Fm, is in line with the armature cur- 
rent, J (see Sec. 25-4), whose magnitude and phase relative 


to E, vary with the load sustained by the machine. Depend- 
ing on the mode of operation and the load in that mode, 


the phase angle B between EZ; and J (or Fam) may lie any- 
where between zero and 2n. 

In a nonsalient-pole machine, the magnetic field set up 
by an arbitrarily oriented F,m can be found with ease, be- 
Cause the air gap between the rotor and stator is the same 
everywhere (the field can be found in the same manner as 
in an induction machine). In a salient-pole machine, the 
field due to Fam taking up an arbitrary phase angle f is 
far more complex in pattern (see Fig. 54-1). However, its 
calculation can be substantially simplified, if it is repre- 
sented as the sum of the fields due to two mutually perpen- 


dicular components of Fam: One of these components is 
along the direct (or d-) axis of the rotor in the model, which 


is the axis of symmetry of poles and is in line with Fym. 
The other component is along the quadrature (or q-) axis 
which is the axis of symmetry halfway between adjacent 
north and south poles and is in electrical quadrature leading 
with (90 electrical degrees or a quarter of a cycle from) the 
d-axis. Hence its name, the quadrature axis. 


The resolution of Pom into the d-axis component, Fym, 


and the g-axis component, eae is illustrated in Fig. 54-1. 
Their peak values are respectively given by: 


Fan= F em|sinB| 
Fam = Fam|cos B| 
From a comparison of Eqs. (54-1) and (54-2), it is readily 


seen that the components of Fam may be visualized as pro- 
duced respectively by a set of direct-axis currents with an 


(54-2) 
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rms value Jz = J | sin f |, and by a set of quadrature-axis 
currents with a peak value J, = J | cos B | 


Bis ==() 2/n) myl gw ykeys/p i 


. _ 5 (54-3) 
Fam =(V 2/n) myLgwylws/p 
54-2 The Armature MMF at Various Loads in 
the Generator Mode 


Let us consider the operation of a, synchronous machine 
as a generator, with its armature winding connected to a 
balanced isolated load where all the phases have the same 
impedance equal to Z;, = Ry + jX ,. We set out to learn 
how the armature mmf, Fym, and its d- and q-axis compo- 
nents, Fam and Fgm, vary with the magnitude of load. 

An equivalent circuit for an unsaturated machine in this 


mode is shown in Fig. 54-1. The current I produced in the 


armature winding by E, depends not only on the load im- 
pedance, Z,, but on the own impedance of each armature 
phase, Ry, + jX1, 


a 
~ (Ay + Ry)+) (X1+X1) (54-4) 
Ef 
I= VW RO + XL 
The phase angle B depends on the ratio of the reactive impe- 
dance to the resistance: 
= AitXy : 

B = arctan RoR, (54-5) 
In the above equations, the inductive reactance of the arma- 
ture winding, X,, is thesum of the leakage inductive react- 
ance, X,, and the mutual inductive reactance, X,, asso- 
ciated with the mutual field in the armature. In a nonsalient- 
pole machine where the air gap is uniform, X, is calculated 
in the same way as in an induction machine (see Sec. 28-5). 
In a salient-pole machine, X, depends on the position of F, 
relative to the pole axes (see Sec. 54-5). R, is the resistance 
of an armature phase. 

In a nonsalient-pole machine, R, can be calculated in 
the same manner as in an induction machine (see Sec. 31-2); 
how it should be calculated for a salient-pole machine is 
explained in Sec. 54-5. 


i7—0240 
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From the voltage diagram in Fig. 54-1, it is seen that the 
phase angle f is, in the general case, different from the phase 
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Fig. 54-2 Armature magnetic field and mmf under characteristic 
oads: 


(a) field and mmf due to q-axis armature current; (b) field and mmf due to d-axis 
demagnetizing current; (c) field and mmf due to d-axis magnetizing current 


angle between the current phasor I and the terminal voltage 


phasor, V= Zr , solely dependent on the load impedance. 
(1) Inductive load. In the case of an inductive load 
(see Fig. 54-2b), when Z, = jX,, Ry = 0, X, > 0, and 
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the own resistance of a phase, J?;, is small in comparison 
with X, + X,, the current phasor I lags behind the emf 
phasor Ey by 
B = arctan oo = +2/2 

and is in line with the direct (d-) axis: 

Ig=TIsinp=TI 

I, =IcosB =0 
As is seen, the armature mmf, F,,, = Fam, and the magnetic 
field established by the set of direct-axis currents, J = J, 
oppose the excitation mmf, Fm, thereby weakening the 


excitation field. Thus, in the case of an inductive load, the 
armature winding carries a set of direct-axis demagnetizing 


currents, Ig. 

(2) Capacitive load. A capacitive load (with respect to E,) 
exists when the armature winding is connected across a set 
of balanced capacitances C with an impedance Z, = jX, 
chosen such that X, = —Xg = —1/oC <0 exceeds in 
absolute value the own inductive reactance of the armature, 
that is, 

Xo =(|X_i|> XX, 


X,+ Xy = X,— Xe <0 


If, in the case of a capacitive load, the own phase re- 
sistance R, is smallin comparison with the inductive react- 


ance, | X;, + X, | (Fig. 54-2c), the phase angle between I 
and £; is 


and 


Xi+X, 
R+R, 
This means that the armature current, I , leads Ey by an 
angle B and is therefore in line with the d-axis: 
Ig=TJ|sinpBl[=T 
I,=I|cosB | =0 
Now the armature mmf, F,,, = Fay, and the magnetic 
field established by the set of d-axis currents, J = I, are 
in line with the excitation mmf, Fym, and boost the excita- 
tion field. Thus, in the case of a capacitive load, the arma- 
ture winding carries a set of d-axis magnetizing currents, J. 
17% 


6 = arctan = arctan (— oo) = —n/2 
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(3) Resistive load. A resistive load (with respect to E;) 
is that load at which the armature current, J, is in phase 


with Ey or, which is the same, B = 0 (Fig. 54-2a). This 
condition can be achieved in practice, if we connect the 
armature winding to a set of balanced RC impedances, 
Z, = Ry + IXt 

where X; = —Xc = —1/oC, so adjusted in value that 
X, = Xc¢ and the total reactance of the loop, X; + Xz, 
= X, — X¢, vanishes (see the voltage diagram in Fig. 54-2a, 
plotted on neglecting R,). With such a load, the phase angle 


between J and Hy is 


=arctan0=0 


= pte 
B = arctan Ri 


and the armature current is directed along the q-axis: 
I, =IcossP=TI 
Ig =Jsin Bp =0 


Now, the armature field established by the armature mmf, 
F, =F, is acting along the q-axis. Its path is across a 
much longer air gap, than that of the d-axis field. Combin- 
ed with the excitation field, the g-axis field somewhat 
boosts the resultant field, but causes it to depart from the 
d-axis. 


54-3 Mutual Field and EMF due to the Armature 
Currents 


Neglecting saturation (on assuming that u,, = o), the 
magnetic field established by the armature currents J may 
be investigated independently of the excitation field. 

In a nonsalient-pole machine with a uniform air gap 6, 
the armature field in the air gap has the same waveshape 
as the fundamental component of the armature mmf, F,,,. 
The flux is distributed in the air gap sinusoidally (see Sec. 
25-5), and its peak value is 


Boim = Wo am/Sk5 
The armature winding is linked by a mutual flux 


Dn = 2c1yBorm (54-6) 
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which produces with an armature phase a flux linkage given 
by 
Vom = WykyiPm (54-7) 


The emf induced by the mutual field in the armature wind- 
ing is 
E, = joVam/V 2 (54-8) 


lagging by x/2 behind Wom ®n, Bs, Fa, and I, which are 
all in phase. 
In a salient-pole machine, the mutual field established 


by the armature current, J, taking up an arbitrary phase 
angle B, has a very complex pattern (see Fig. 54-1). To sim- 
plify calculations, it is customary to treat it as a sum of 
simpler fields, namely, the mutual field due to Jz, and the 
mutual field due to J,. 

(1) Mutual field and emf due to Iy. Referring to Fig. 54-25 
orc, the d-axis currents in the armature winding, J,, estab- 
lish a sinusoidally distributed mmf with a peak value F,,,. 
The mutual field due to this mmf can be found by nume- 
rical methods or by mathematical modelling. As is shown 
in Fig. 54-3a, the radial component of air gap flux density 
is distributed nonsinusoidally. 

The ratio of the fundamental flux density set up by the 
d-axis armature mmf, Bygim, to the peak flux density, 
Baagm, due to the same mmf (as found for a uniform air gap 
and shown by a dashed line in Fig. 54-3) is the direct-field 
form factor 


ka ma Baam!/Baam (54-9) 


where Bagm = pol an/5- 

Once Bag, is known, it is an easy matter to calculate 
Baaim, using kg which is mainly dependent on the ratio of 
the maximum air gap, 6m, to the minimum air gap, 6 (Fig. 
04-3a). Plots of kg = f (5m/6’) and kg = f (6’/t), as found 
from the magnetic field patterns for a smooth armature core 
and for the pole-piece dimensions typical of salient-pole 
machines (a = b,/t = 0.69 to 0.72), are given in Fig. 54-4. 
For a smooth round armature, 5’ is taken to be the air gap 
between the stator and rotor at the pole axis, 6’ = 6. 

Where it is important to account for the effect of slots on 
the armature core and in the pole pieces, 6’ must be taken 
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equal to 5k, and §,,/8’ to 5m/k,6. (For the calculation of k;, 
kg, and other factors see Sec. 53-1.) 





Fig. 54-3 Magnetic fields due to (a) d-axis and (b) q-axis set of arma- 
ture currents 


Once the value of kg is found from the curves in Fig. 54-4 
it is an easy matter to calculate the mutual flux correspond- 


ing to Ig: 
Daim =~ tleBatim =~ tlkeBaam (54-10) 


where Bogm = bol am/5k5. 
With an armature phase, this flux produces a flux link- 
age given by 


Way > WikwiDaam (54-11) 


Eoa= —j0Vaam/V 2 (54-12) 


(2) Mutual flux density and 
x, emf due to Igq,,. The mutual 
* field established by the set of 
06 10 14 18 22 axis currents in the aria: 
Mg. Bhs , ture winding, [gm (see Fig. 
ths is aber aoe 94-2a) is likewise monsimiseidal 
field form factors in waveshape. As is seen from 
Fig. 54-3b, the radial compo- 

nent of B between pole-pieces is substantially weakened in 
comparison with the flux density that would exist if the 
air gap were uniform (shown by a dashied line in the figure). 
The mutual flux due to the g-axis mmf is calculated by 
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applying the q-axis field form factor, k,, defined as the 
ratio of the fundamental flux density due to the armature 
g-axis mmf, Ba qim, to the peak flux density due to the same 
mmf, Bagm, aS found for a uniform air gap and shown by 
he dashed line: 

Kq = Bagim!/Bagm (54-13) 
where Bagm = BoF qm/6. 

Plots of kg as a function of 5,,/6’ and 6’/t, deduced from 
the magnetic field patterns applicable to a round (nonsa- 
lient) armature core, appear in Fig. 54-4. As already explain- 
ed, in the case of a smooth-surface armature, 6’ = 6. 
So, when it is important to account for the effect of slots, 
one should take 6’ = 6k3. Once k, has been found from 
the curves in Fig. 54-4, it is easy to calculate the mutual 
flux corresponding to Iq, 


Dagm =~ tsBarim =—tlgkqBorm (84-14) 


where Bogm = pol gm/dk5.- 
Linking the armature phase, this flux is 


Pam = WykwyP aym (54-15) 
where it induces a mutual emf 
Eog= —j0¥ gam/V 2 (54-16) 


54-4 Equivalent Armature MMF 
in an Unsaturated Machine 


The armature mmf, F,m, and its d- and g-axis components, 
Fym and Fam, differ in waveshape from the field mmf, F;. 
The armature mmf is distributed over the surface sinusoi- 
dally; the field mmf is distributed in a manner substan- 
tially differing from sinusoidal. This stands in the way 
of combining the two mmfs. To simplify calculations, the 
sinusoidal armature mmfs are therefore replaced by equi- 
valent field mmfs chosen so as to retain the fundamental flux 
density in the air gap and the fundamental emf induced in 
the armature winding. 

The d-axis armature mmf, Fgm, which gives rise to a 
field whose fundamental flux density is 


Baam = kaBaam = kato am/6k 
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is replaced by the field mmf, Fym = Foam, which sets up a 
field with the same fundamental flux density 


Boim = kppoP aam/bks = Baaim 
(see Sec. 53-1). Hence, the field mmf equivalent to the 
d-axis armature mmf is given by 
Foam oe kaaF am (54-17) 
where kag = ka/k; is the d-axis armature reaction factor, 


with ka found from the curves in Fig. 54-4, and k; from 
the curves in Fig. 53-3. 


fF Similarly, the? field mmf 

E equivalent to the g-axis arma- 
a . 
P ture mmf is 

ne Faqm = KaqFym (54-18) 

Eng where kag = kq/k; is the q- 


axis armature reaction factor, 
with k, found from Fig. 54-4, 

Fatm OF and Ieee from Fig. 53-3. 
OG FeoaFadm In a nonsalient-pole ma- 
chine, the armature mmf, Fam, 
Fig. 54-5 Determination of emf establishing a field with a-fun- 


due to armature currents by damental flux density 
means of equivalent field mmfs 
Baim os Lol am/bk5 


is replaced by a field mmf, Fym = Faym, which establishes 
a field with the same fundamental flux density 


Bopim = keytoF atm/6ky = Baim 


Hence, in a nonsalient-pole machine, the field mmf equiva- 
lent to the armature mmf is 


Fajm = kaFam = Famlhy (54-49) 


where k= = ilk; is the armature reaction factor found from 
the. curves in Fig. 53-3. 

. When replacing Fam, Pgm: and Fam with Fagm, Fagm: 
and. Fuzm, it is important to remember that on a phasor 
vector diagram their axes retain their original directions. 

The use of equivalent field mmfs (Fam and Fyqm in a sa- 
lient- pole machine and F 4; in a nonsalient-pole machine) 
enables the analyst or designer to find the mutual emfs 
Eqa, Eqq and.E, due to the currents Ig, Ig, and J in the 
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armature winding from the no-load _ characteristic, 
E; =f (Ffm), without having to use Eqs. (54-8), (54-12), 
and (54-16). 

In an unsaturated machine, where F;,, = F,, this can 
be done by using the linearized no-load characteristics, 
E; =f (Fs), as illustrated in Fig. 54-5. 


54-5 Parameters of the Armature Winding 
{for Positive Sequence Currents} 


Each phase of the armature winding in a synchronous ma- 
chine has a resistance and an inductive reactance associat- 
ed with the mutual and leakage fields set up by the arma- 
ture currents. 

In steady-state balanced operation, the armature winding 
carries a set of currents, J, that give rise to the fundamental 
mmf, Fam, and the mutual field. These currents are rotat- 
ing at the same speed as the rotor does, and take up a cer- 
tain definite position relative to the d- and q-axes of the 
rotor. They are positive-sequence currents. 

The field established by such currents is stationary rela- 
tive to the rotor, and it does not induce any currents in the 
rotor, field or damper windings that might lead to additional 
losses or weaken the field set up by the armature currents. 
Therefore, in calculating the impedances of armature phases 
to positive-sequence currents, one needs only to take into 
account the magnetic field and losses due to the currents 
in the armature winding itself. 

(1) Resistance of the armature conductors. It can be 
found from the copper losses as calculated with allowance 
for current crowding (see Sec. 31-2). To minimize the cop- 
per loss 

Poy = mRP (54-20) 


and the resistance, R, of the armature phase conductors, 
it is usual in large synchronous machines to strand and trans- 
pose the conductors. Stranding and transposition reduces 
the per-unit resistance in large machines to 


R, = RIg/Vz_ = 0.006 to 0.002 (or even less) 
(2) Leakage inductive reactance of the armature winding. 


The leakage inductive reactance of an armature phase, X,, 
is associated with the leakage fields and the leakage induct- 


266 Part Five. Synchronous Machines 


ance of the armature phase, L,;, (see Sec. 28-7): 
Xo = 2H fly = 4m py fw (U5/Pq) Aor = (54-241) 
Since leakage fields depend little, if at all, on the air 
gap shape, the equations given in Sec. 28-7 are equally ap- 
plicable to nonsalient- and salient-pole machines. The 
reluctance to the armature leakage fields mainly comes from 
the various nonmagnetic gaps (in the slots, air gap, and 
overhangs) with permeability py. Therefore, it is legitimate 
to neglect the reluctance presented by the iron parts to the 
leakage fields and deem the leakage reluctance constant 
under any operating conditions (even when the magnetic 
circuit of the mutual field is saturated). 
Since the leakage fields alternate at frequency f, a leakage 
emf is induced in the armature winding 


fg = —jX,I= — jo m/V2 (54-22) 


where Wom = Lo; (V 21) is the leakage flux linkage of an 
armature phase. 

(3) Mutual inductive reactance of the armature (in a 
nonsalient-pole machine). In an unsaturated, nonsalient- 
pole machine with a uniform air gap, the mutual inductive 
reactance of the armature, X,, is calculated from Ly;: 


Xq = 2m fly = 4pgmaf, (Wiki)? help (54-23) 


where 4, = tl,/k,6 is the permeance of a uniform air gap 
per pole. 

The emf induced by the rotating mutual armature field, 
Eq. (54-8), is 


Eg= —jo¥gn/V2= —jXal (54-24) 
where Lom = In, (V2.1) is the mutual flux linkage per 


phase due to the armature currents /. 

(4) Direct- and quadrature-axis mutual inductive react- 
ances of the armature (in a salient-pole machine). It has 
been shown in Sec. 54-3 that in a salient-pole machine iden- 
tical sets of d- and g-axis currents produce fields differing 
in the fundamental flux density because of the difference 
in the radial gap length (see Fig. 54-3a and b). Accordingly, 
the d- and g-axis mutual armature inductances, L,q and 
Lag, respectively associated with the d- and g-axis currents, 
I, and I,, are different. From Eqs. (54-10), (54-11), and 
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(54-3) it follows that the d-axis mutual inductive reactance 
of the armature is 


Xoa = 2nfLaa = 2nfVaam/V 21a 
= maf, (Wykw1)? Aaa (54-25) 


where Aga = arenes = kj\, = d-axis permeance of the 
air gap 
ka = d-axis field form factor 
(see Fig. 54-4). 
From Eqs. (54-3), (54-14) and (54-15), it follows that the 
g-axis mutual inductive reactance of the armature is 


Xagq = 2nfLoq = 20fV oqm/V 214 
= Ee gf (wslews)® hag (54-26) 


where Agg = ktls/k35 = k,hs = g-axis permeance of the 
air gap 
k, = qaxis field form factor 
(see Fig. 54-4) 

The d- and g-axis mutual inductive reactances of the arma- 
ture are proportional to the respective permeances. As the 
radial gap length increases, the permeances decrease. Be- 
cause, however, the q-axis permeance is smaller, the q- 
axis mutual reactance is always smaller than the d-axis 
mutual reactance, Xgqg< X ad: 

The mutual emfs induced in each phase by the direct- 
and quadrature-axis sets of currents [see Eqs. (54-12) and 
(54-16)] can be expressed in terms of the d- and q-axis mutual 
inductive reactances as follows: 


Eaa = —10V gam/V 2= —jXcala 


; ; = A (54-27) 
Ena => joVagm V2 = [Xaqlq 


where Vaam = Daa (V2. 2I,) = mutual flux linkage due to I d 


wy, qm = Lag (V2 q) = mutual flux linkage due tol, 

(5) Inductive reactance of the armature (in a nonsalient- 
pole machine). This is the total inductive reactance of the 
armature winding for a balanced set of positive-sequence 
currents. The inductive reactance of the armature, Xj, 
in a nonsalient-pole machine is the sum of the leakage arma- 
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ture inductive reactance, X,, and the mutual armature 
inductive reactance, X,: 


X,=%,4 X, (54-28) 


(6) Direct- and quadrature-axis inductive reactances of 
the armature (in a salient-pole machine). These reactances 
are each the sum of the leakage and mutual reactances for Ig 
and J,, respectively. Because the leakage inductive react- 
ance for the components of the armature current does not 
differ from that for the armature current itself, X,, the 
d-axis inductive reactance of the armature may be written 


Xq=Xot+ Xaa (54-29) 
and the q-axis inductive reactance of the armature may be 
written 

Xg=Xoet+Xaq (54-30) 


(7) Direct- and quadrature-axis inductive reactances of 
the armature (in a nonsalient-pole machine), In a non- 
salient-pole machine, the inductive reactance of the arma- 
ture does not depend on the position of the mmf relative 
to the rotor axes. Therefore, for both the d- and q-axis sets 
of currents, it does not differ from the total inductive react- 
ance of the armature given by Eq. (54-28): 

Xa=X,=Xi (54-34) 


The same goes for the d- and g-axis mutual inductive react- 
ances. In a nonsalient-pole machine, they do not differ 
from the mutual inductive reactance of the armature: 


Xoa = Xaqg= Xa (54-32) 
(8) Armature impedance. Visualize the total emf, Be. 
induced by the armature field due to J as the sum of Egg 
and E,,, induced respectively by J, and J,, 
Ey = Equa + Eag (54-33) 
and express the mutual impedance of the armature, Z,, 
as the ratio of the mutual emf, —£,, to I: 


Z, =Ro + jXq = —E,/i (54-34) 


It can be shown that the resistive component, R,, and 
the reactive component, X,, of the armature mutual impe- 
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dance Z,, depend on the d- and q-axis mutual inductive 
reactances of the armature, Xag and Xqq, and on the posi- 


tion of the armature mmf, Fy (or the armature current I ) 
relative to the rotor, as given by the phase angle £ (see 


Fig. 54-1). To this end, I and E, must be plotted on the 
complex plane shown in Fig. 54-6. Deeming the angle B 


positive when I lags behind the negative direction of the 
g-axis or Ey, the armature current phasor may be written 
r=I,y+I, (5435) 

where 

I, =I sin®B =I 

I, = jl cosB =jlq 
and the emf may be written 
as 


Eq = Eqa+ Eaq (54-36) 


where 





Eqa=—IX aal a=—)X aal sin B 
. E Fig. 54-6 Determination of the 
Egqg=—IXaql g=t+Xagl cos B mutual impedance of the arma- 
ture in a salient-pole synchro- 

Taking the above equations nous machine 


together and equating the 
respective coefficients of the real and imaginary terms on 
the right- and left-hand sides of Eq. (54-34), we get 


_ XaatXaq Xaa—Xag 
et de 


Xaa—X 
Ry=— sin 2p 


cos 2B 
(54-37) 


Plots of X, and A, as functions of B appear in Fig. 54-7. 
The same figure gives plots of J, and J, as functions of B 
(as ® varies, J remains unchanged). 

At B equal to zero or x, when the current is directed along 


the quadrature axis, J = I q> the inductive component of 
the mutual impedance is equal to the g-axis mutual induct- 
ive reactance of the armature, X, = Xqqg, whereas the 
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resistive component of the mutual impedance vanishes, 
R,=0. 
“At B = +n/2, when the current is along the d-axis, 


f= Ta, the inductive component is equal to the d-axis mu- 
tual inductive reactance of the armature, X, = Xqq, whe- 
reas the resistive component vanishes, R, = 
The physical meaning of R, in a salient- pole machine 
will be explained in Sec. 56-2, in connection with energy 
conversion in synchronous ma- 
(Xaa-Xaghl2 chines. As will be shown, the 
term m,R,J? is the electric 
power converted to mechanical 
power when the rotor is of the 
salient-pole design (at R, < 0, 
the direction of energy conver- 
sion is reversed). The resistive 
component 


| Ra | == (Xaa = Xaq)/2 


-50 Ox 
/ at B = +n/4 + kn, where k 
f is an integer. 

The maximum value of re- 
sistance, coinciding with the 
Fig. 54-7 Components of the peak value of oscillations ae 
mutual armature impedance in inductive reactance about its 
a salient-pole machine, plotted mean value, (Xoq + Xa a! 2, 
as functions of the angle B be- is equal to half the difference 
tween the armature current and petween X aq and X There- 
the q-axis f li 2. 1 a 

ore in a nonsalient-pole ma 
chine where Xqq = Xaq, the 
resistive component is zero, R, = 0, and the inductive 
component is the same at any value of B, X_g = Xaa = Xaq- 

In finding the armature winding impedance, Z,, it is 
important to take into account the armature conductor re- 
sistance R and the armature leakage inductive reactance, X, 


Z4,= Ri + jX, (54-38) 





where 
ae 
R,=R+R,=R pose sin 2B 


is the resistive component of the ete impedance, and 


XqtX Xq—X 
Neg ee eo 
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is the inductive component of the armature impedance. In a 
salient-pole machine they are functions of the angle 6. 
Therefore, when B = -+n/2 (the d-axis set of currents) 


Ry = R,X,=Xg=Xo+ Xaa 
whereas at B equal to zero or x (the g-axis set of currents) 
Ry, —= R, Xy = Xqg=Xo% + Xaq 


In a nonsalient-pole machine, the armature impedance and 
its components are independent of the current phase angle, p: 


R, = Rk, Rg = 0, X1 = X5t+ Xa 


55 Electromagnetic Processes 
in a Synchronous Machine 
on Load 


55-1 Electromagnetic Processes in a Nonsalient-Pole 
Machine (Neglecting Saturation) 


A study into the electromagnetic processes that take place 
in a synchronous machine is undertaken in order to develop 
a mathematical model in the form of equations relating 
the quantities in its electric and magnetic circuits. 

To begin with, we shall turn to an unsaturated machine, 
assuming that the relative permeability of the iron parts 
in its magnetic circuit is infinitely large, 1,, = oo. Neglec- 
ting the reluctance of the iron, we may treat the “magnetic” 
circuit as linear, and apply the principle of superposition, 
that is, determine the magnetic field as the sum of the fields 
established independently by the d.c. field current, J;, 
and the armature currents, J. Then, the per-phase voltage 
equation for the armature of a nonsalient-pole synchronous 
machine may be written as 


E; +E, +£,=V+Ri (55-4) 

where E; = field emf induced by the mutual field due to 
the field mmf, Fy 

Ey = armature mutual emf induced by the mutual 

field due to the armature set of currents, I 
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E, = leakage emf induced by the leakage field set 
up by the armature currents, I 


V = phase voltage at the armature terminals 
R = per-phase resistance of the armature 
The value of Z; is found from the linearized no-load curve, 
E; = f (F4). The value of EZ, (Fig. 55-1) is proportional to 
the armature current, J. It can be found in one of two ways. 





Fig. 55-1 Voltage phasor diagram and equivalent circuit of a non- 
salient-pole synchronous machine (neglecting saturation) 


4. Using Eq. (54-1), find the armature mmf, F,,. Referr- 
ing to Fig. 53-2, determine the armature reaction factor, 
ka = 1/k; = f (p). Replace F, by an equivalent field mmf, 
Fajm = kof am. Recalling that for a uniform air gap the 
magnetization characteristic is independent of the direction 
of mmf, find #, as an emf corresponding to Fyym on the 
linearized E; = f (F,) curve in Fig. 55-4. 


2. Express FE, in terms of the mutual inductive reactance 
of the armature: 
E, = —jX,I 
The leakage emf may be expressed in terms of the leakage 
inductive reactance of the armature from Eq. (54-22) 


E, = —jX,f 
Now the armature voltage equation may be re-written as 
E,= V+ RI + jx, (55-2) 


where X, = X,+ X, is the total inductive reactance of the 
armature. 
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Graphically, Eqs. (55-1) and (55-2) can be represented 
by a voltage phasor diagram. In Fig. 55-1, the voltage phasor 
diagram is constructed for a machine operating as a genera- 
tor supplying an isolated resistive-inductive load, Z;, 


= R,, + jX,. In the circumstances, V can be expressed as 
V=V,+V; (55-3) 


where V, = R,J and V, = jX,J are the active and reactive 
components of the voltage, respectively. 

In an arbitrary mode of operation, the phase of V is de- 
cided by the phase angle ~ between V and J. If V is leading 7, 
the angle is taken to be positive. 

When the active current component, J, = J cos is in 
phase with the voltage, J, =I cos p> 0, the machine is 
operating as a generator and delivers active power to the 
load, 


P = m,VI cos 9 > 0 


When J, =I cosg <0, it is operating as a motor and 
draws active power from the supply line 


P= mVI cos 9 <0 


The reactive power generated by the machine is taken 
to be positive 


Q = m,VI sin gp > 0 


when the reactive current component, J, = J sin g >0, 
lags behind V by 90 electrical degrees (it is said to be in 
electrical quadrature lagging). This will happen if the load 
is inductive, X;>0, and 0<@ <72/2, as in Fig. 55-1. 

The reactive power generated by a synchronous machine 
is taken to be negative 


Q = mVI sing <0 


when the reactive current component, J, = J sing <0, 
leads V by 90 electrical degrees (it is said to be in electrical 
quadrature leading). This will happen if the load is capa- 
citive, X;, = —X¢ <Oand —n/2 < p < 0, asin Fig. 55-4. 

When a synchronous machine is operating as a motor, 
positive reactive power is generated at n > » > 1/2, and 
negative reactive power, at —x/2 > 9 > —n. 


18—0240 
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Formally, Eq. (55-3) may be extended to the motor mode 
of, operation as well. Let us write the resistive and induct- 
ive components of the load in terms of its impedance: 


R, = Z, cos pg = (V/T) cos@ 
X,=2Z, sin p= (V/J) sin p 
its voltage in terms of the active and reactive components: 


V=VitV; (55-5) 


(55-4) 


where . 
V, = RI = Vocosg 


V, = X,;J = Vsing 


and its active and reactive powers in terms of the load re- 
sistance and reactance: 


P= ml (V cos 9) = m,R, J? 
Q=m,I (V sin 9) = m,X,/? 


It is seen from Eq. (55-6) that P is positive and the machine 
is operating as a generator at R; > 0. In contrast, P is 
negative and the machine is operating as a motor at Ry, < 0, 
when it is loaded into a fictitious negative resistance, Ry. 
Physically, this means that the machine is not delivering 
any active power to the load; rather, the load is supplying 
active power to the machine at V. 

From the same equations it also follows that in both the 
generator and the motor mode of operation, Q is positive 
at X; > 0 and negative at X;, <0. Therefore, whatever 
the mode of operation defined by V, J and the phase angle @ 


between them, V can be expressed as the sum of V, and V, 
in accord with Eq. (55-3) or in terms of Ry; and Xj, as 
given by Eqs. (55-4) and (55-5). 

The mode in which a machine is running is characterized 
by four defining quantities, namely the armature voltage 
V, the armature current J, the phase angle m between them, 
and the d.c. field current J;. Instead of V and 9, we may 
take R, and X,, in which case the mode of operation 
will be characterized by another set of four defining quan- 
tities, namely Ry, Xz, J, and I 

A particular mode of operation can be specified by giv- 
ing any three of the four defining quantities. The fourth 
can then be found either graphically (from a voltage pha- 


(55-6) 
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sor diagram), or analytically, using Eq. (55-2) to which 
Eq. (50-3) should be added, if and where necessary. Most 
naturally, a particular mode of operation can be specified 
by giving (1) V, J, and g, or Ay, Xz, and J, in which case 
I; needs to be found. Alternative sets of defining quanti- 
ties are (2) V,@, and J;; (3), J and J,; and (4) V, J, and I;. 

In an unsaturated machine, the d.c. field current vs 7 is repla- 
ced in the design equation by ; as found from the lineari- 
zed no-load curve. The unknown £; (for the 1st set of de- 
fining quantities) can be found from Eq. (55-2) written 
in terms of the projections of the complex quantities on 
the current direction and on a direction at right angles to it: 


E,;=V (Vcoso+R1)?+(Vsing+ XJ)? ~— (55-7) 
or, subject to Eq. (55-5), 


B,=1V ERP a XD (55-8) 
where [ = V/Z,. . 
Solving Eq. (55- -7) for I, V, or @ will give the unknown I 
(if the 2nd set of defining quantities is used): 
I=|—2V (X,sin p+ Roos g) 

+: V WK, sing Hoos! + 4 (KT (EP—V5)/ 

2 (X?+ R?) (55-9) 
or the unknown V (if the 3rd set of defining quantities 
is used): 

V = —I(X,sin9g+ # cos g) 

+ V F?(X,sin 9+ R cos 9)* + E}—(X2 + RYT* (55-10) 
or ne unknown 9 (if the 4th set of defining quantities is 
used): 

E}—V2—(X?+ RY) I? 


p= aresin (X,/Z,) + arccos WIZ, 


(55-41) 


55-2 Electromagnetic Processes in a Salient-Pole 
Synchronous Machine (Neglecting Saturation) 


Neglecting saturation, a salient-pole synchronous machine 
may likewise be treated as having a linear magnetic cir- 
cuit. Now, however, it is convenient to represent the mu- 
tual field established by the armature current as a sum 


18* 
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of two independent fields, one set up by J, and the other 
by J,. Then the mutual emf may be written 


Eq = Eaa + Eag (55-12) 
Accordingly, the armature emf will be 
Ey tEgt Boat Bag =V+RI (55-43) 


As in an unsaturated nonsalient-pole machine, E, in 
the above equation (see Fig. 55-2) can be found from the 
linearized no-load characteristic, E; = f (F 5). The armature 


leakage emf is, in accord with Eq. (54-22), given by E, 


= —jX,I. The mutual emfs of the armature, £,g and 
Eqq, respectively proportio- 
nal to Jz and Ig, can be 
found in one of two ways, 
as follows. 

(1) Using Jg=J sin B and 
I, =I cos B, found earlier 
(see Sec. 54-4), determine 
Fam and Fgm from Kq. 
(54-3). Referring to Fig. 53-3 
and Fig. 54-4, find the ex- 
citation field form factor, 
ky, and the armature field 
form factors, kg and kg. (In 
an unsaturated machine, the 
design air gap, or the axial 
gap length, is 6’ = k,6.) 
Fig.” 55-2 Voltage phasor diagram Calculate the armature reac- 
of a salient-pole synchronous ma- tion factors, kag = kg/ky 
chine in the generator mode of and k, qokalky, and replace 
operation (neglecting saturation) (see Sec. 54-3) the direct- 

and quadrature-axis mmfs, 
Fam and Fam, by equivalent field mmfs, Foam = kaaFam 
and Foaqgm = kag gm. Determine E,qg and Eyq as the emfs 
corresponding to Fgam and Fagm from the linearized no- 
load characteristic, E; =f (F,) in Figs. 54-5 and 55-2. 
This method can be used, if we know 6, 6m, and kg (to a first 
approximation, it may be taken that 6,,/6’ = 1.5), and 
the winding data of the machine. 
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(2) Express Z,g and Eq, in terms of the mutual inductive 
reactances Xgq and Xaq “(see Sec. 54-5): 


oe = —jXa at 
Ea = —jXaql q 


This method is more convenient, because one only needs to 
know the parameters of the armature winding. 

On expressing F,, Egg and Eaq in Eq. (55-13) in terms 
of the respective inductive reactances and currents, the 
armature voltage equation may be re-written as 


ESV ARTA GIR 4 IX ado HX ala 
as (55-14) 
E,=V+RI-4 jXqlqtjXala 


where Xg = X, + Xqq and Xqg = Xq + Xaq are the total 
d- and q-axis inductive reactances, respectively. 

A voltage phasor diagram for a salient-pole synchronous 
machine answering the above equation is shown in Fig. 55-2. 
It has been plotted for a machine in the generator mode 
of operation, supplying an isolated resistive-inductive load 
for which V sin gp >0 and Vcosqg > 0. The simplest ap- 
proach is to construct a phasor diagram from which to 
find Z; (or J;). When the operating conditions are specified 
by giving V, J and gq, its construction poses no difficulty. 
As is seen from Fig. 55-2, the angle B that defines the direc- 
tion of E; (or the negative direction of the qg-axis) may be 


found graphically before the £; itself is found. To this 
end, it will suffice to locate the point D which is the tip 
of the phasor 

OD=V+ RI + jXl 4+ j[Xaql =VtRI+ jx 
and draw the g-axis in the direction opposite to the phasor. 
The d-axis must lag behind the g-axis by 90°. The phasor 
diagram can be constructed for any mode of operation of 
a synchronous machine, as specified by giving V, J, and g. 
(See the explanation for the equations of a nonsalient-pole 
machine.) 

As has already been explained, the operating mode of 
a synchronous machine may alternatively be specified by 
giving any one of three more sets of defining quantities, 
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In such cases, however, the fourth (unknown) quantity is 
difficult to find graphically, so it should preferably be 
found analytically, using Eq. (55-14). Prior to that, it is 
necessary to set up equations leading to the angle f or its 
basic trigonometric functions by reference to Fig. 55-2. 
Projecting the phasor OD on the direction of the current I 
and on a direction at right angles to it and referring the 
projections thus obtained to its magnitude, we get 


Vcos p+ RI 
V (Vsin p+ Xql)?+(V cos p+ RI)? 
ihe ani RE = es (55-15) 
V (Xi +Xq)?+ (RL + RP 
: V sin p+ Xql 
sinB= 7i7sin p-+Xql)?-+(V cos p+ RIP 
_ Xu+Xq 
V (XL +Xq)?+ (RL FRY 
On finding the trigonometric functions of B from Eq. (55-15) 
for the operating mode specified in terms of V, J and @ 


or in terms of X; and Ry ,, we can determine £;. As is 
seen from Fig. 55-2, it is 


E;=Vcos0+ Xalag+ RIq (55-16) 
where 06 = 8 — 9, cos 8 = cos £ cos » + sin f sin @. 


On substituting for sin B and cos B from Eq. (55-15), we 
get 


cos B = 


V?+IV (Xqg+Xq) sin p+2VIR cos 9+ I? (R?4 XqXq) 
{~~ V V2 2V1 (Xq sin p-R cos 9) + 1° (BR? + XQ)" 
(55-17) 


ie ¢)+2R XgXq+R? 
Ze XL (XatXq) +2RRL+ XaXqt (55-18) 


V 2342 (XuXq+RLR)+ XR +R? 


where Z; = V Ri, + Xj, is the load impedance, and J = 
V/Z,.- 

The same result might be obtained, if we used the equiv- 
alent circuit of a synchronous machine or the phasor diagram 
in Fig. 54-1 which are applicable to both nonsalient-pole 
and salient-pole machines. By inspection of the equivalent 
circuit, 


E,=1 


By=IV (Ru + By)? + (Xp + Xa)? (55-19) 
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where AR, = resistance of the armature 
X, = inductive reactance of the armature as defined 
by Eq. (54-38) 

On re-arranging, Eq. (55-19) reduces to the same form 
as Eq. (55-18). Depending on the manner in which the operat- 
ing mode of a machine is specified, the unknown quantity 
may be found from Eq. (55-17) or from Eq. (55-18). If 
the operating mode is specified in terms of V, J and q, 
the unknown J; (or E;) can conveniently be found from 
Eq. (55-17). If the operating mode is specified in terms 
of Z,, I, and g, then V = Z,J, and J; can be found from 
Eq. (55-18). If, on the other hand, the defining quantities 
are Zi, V, and g, then J = V/Z,, and J; can be found 
from Eq. (55-18). Finally, if the operating mode is speci- 
fied in terms of Z,, J;, and @, then E; can be found from 
the linearized no-load characteristic, J can be found from 
Eq. (55-19), and V = Z,J. 


55-3 Electromagnetic Processes in a Nonsalient-Pole 
Synchronous Machine (with Saturation) 


As has been shown in calculating the magnetic circuit at 
no load (see Sec. 53-3), the magnetization characteristics 
of a saturated machine plotted for the mutual field are 
nonlinear. Because of this, we cannot investigate the mutual 
field due to Fy independently of the mutual field due to F,, 
and then superimpose the two fields so as to obtain the 
resultant field. 

Instead, we have to consider the resultant field with 
the flux ©,,, = ©, set up by Fym and Fam jointly. Prior 
to that, Ff, must be replaced by an equivalent field mmf, 
Fatm. If we know the mutual inductive reactance of the 
armature, X, = X, —X,, found neglecting saturation, 
then EZaym can be found from Z, = X,J by reference to the 
linearized no-load characteristic (see Figs. 55-1 and 54-5). 


Recalling that a acts along the d-axis of the poles, 
and Fisy is in line with [ (see Fig. 55-3), the resultant mmf, 


F,m, can be written in complex notation as: 


Poe ae ae + Fede (55-20) 
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It should be remarked in passing that equivalent trapezoidal 
mmfs are combined in the same manner as the fundamental 
mmfs. 

Because F, has the same waveshape as the field mmf, it 
sets up nearly the same mutual field and gives rise to nearly 
the same mutual emf as the 
no-load field emf equal to 
it. Owing to this, we are in 
a position to determine the 
resultant mutual flux ©,,, 
and the resultant mutual 
emf £, from the basic mag- 
netization curve, ®O,, = 
f(Fym) and from the no- 
load characteristic, E,; = 
f(Fym), on deeming F; 
Fig. 55-3 Voltage and mmf phasor =F,, ©O,, = @,,, and 
diagram of a nonsalient-polesynch- #, — EF, (see Sec. 53-3). 
ronous machine (with allowance for To /anake thea escription 
saturation) ; 

of electromagnetic processes 

in anonsalient-pole machine 
more complete, we should add to the mmf equation (55-20) 
and the no-load characteristic E; = f (F;m) also the arma- 
ture voltage equation 


or (55-21) 
E,=V+RI4jX of 

The voltage equation is written on a fairly plausible as- 
sumption that the mutual ficld and the leakage field of 
the armature do not affect each other and exist independently. 

(1) Finding the field current neglecting variations in the 
leakage flux of the field winding on load. This approach can 
be used to determine J; in operation on load, as specified by 
giving the armature voltage V, the armature current J, 
and their phase difference m. Figure 55-3 illustrates how 
I; can be found graphically, using a phasor diagram plotted 
in accord with Eqs. (55-20) and (55-21), and from the no-load 
curve in Fig. 53-14. The construction can be carried out in 
absolute or per-unit terms. For the no-load curve to be 
plotted on a per unit basis, we need to know Ijm,oc oF 
Fymoc at rated voltage. The steps involved in determin- 





6 Frm “Fe afm 
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ing J;m for the generator mode of operation specified in 
terms of V, J and g and for a resistive-inductive load are 
illustrated in Fig. 55-3, where they are numbered from 
1 through 6. On load, however, the no-load characteristic 
and Eqs. (55-20) and (55-21) fail to give an accurate value 
of the field current, because the effect of D;, on ®, and 
F,, the rotor flux and mmf, respectively, is not taken into 
account properly. The point is that at no load the mutual 
flux ®,, = ®;,, and the leakage flux ®;, are functions 


of Fym. On load, ®,,, depends on the resultant mmf, Frm = 


Fim + Fam, whereas the leakage flux is solely decided 
by Fym, as at no load. Therefore, when we use the no-load 
curve to determine £, from F,,, on load, we base our cal- 
culations on the leakage flux ®;, corresponding to the 
resultant mmf, F,,,, whereas actually the leakage flux on 
load corresponds to F;,, substantially different from F,. 

In the generator mode of operation into a resistive-induct- 
ive load, the above approach leads to an underestimated 
leakage flux and to an underestimated field mmf, Fy. 
As a way out, it has been proposed to replace the leakage 
inductive reactance X, by a fictitious quantity Xp known 
as the Potier reactance (after the investigator who has pro- 
posed it), which is somewhat larger than X,. The value 
of J; can be obtained still more accurately, if we properly 
account for the effect of the field leakage flux on load, as 
this is done in the paragraph that follows. 

(2) Finding the field current with allowance for varia- 
tions in the leakage flux of the field winding on load. This 
involves the use of the magnetization characteristics 


Pn = f (F), Dy, = 1(Fi), 
®, =f (F2) 


found in calculating the magnetic circuit (see Sec. 53-3). 
If they are not available for the machine in question, it 
may be assumed that on a per-unit basis they are the same 
as the normalized magnetization characteristics of a non- 
salient pole machine, shown in Fig. 53-44. In Fig. 55-4, 
they are drawn to a more convenient scale. The “per-unit” 
subscript, (*), has been dropped. To present the character- 
istics in absolute units (which is necessary sometimes), 
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we need to know Vr, Dymioe and Fymioc (or L¢m,oc). Then, 


E=E,Vr 

D = O,Dsn oc 
F= FF ym,oc 
I; = Fylym,oo 


Now, J; (or Fym) in the on-load condition, specified in 
terms of V, Jgandyp, can be determined as illustrated in 






Pm=f (Fem) 


or 
E,=f (Frm) 


Fig. 55-4 Voltage phasor diagram of a nonsalient-pole synchronous 
qoaehine (with allowance for saturation and variations in the leakage 
flux) 


Fig. 55-4. The steps involved are numbered from / through 77. 
The first step is to draw a phasor diagram of the voltages 
defined by Eqs. (55-21) and to determine the resultant 


mutual emf, #,(Z), and the resultant mutual flux, D,,, 
equal to it when drawn on a per-unit basis, (2). The next 
step (8) is to determine the resultant mmf, F,,, correspond- 
ing to the stator and air-gap mmf, at D,, = ©,,,, by refer- 
ence to the magnetization curve, ©, = f (F,), where F, 
is taken as the stator and air-gap mmf. In doing so, we 
still neglect the effect of the rotor mmf, F,, and the value 
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of F,, thus found differs from F’,,, by the value of F,: 
Fir = Frm — Fy (55-22) 


The phasor Fi, (4) is in phase with Drm: Now we find 
Bi (5) neglecting F,. It differs from the total excitation 
mmf by F;: 

Fyy = Fim — Py (55-23) 
On subtracting F, from the right- and left-hand sides of 
Eq. (55-20), 

Re he, Py as 

we may write 

Fi, = Fi; + F atm (55-24) 
Hence, 

Fis ae Fy, a Fotm 


Using the ®,;, =f (F,) curve and recalling that F, 
= = Fim — Fs, we may write the on-load leakage flux, 
Dy (step 6), as a flux corresponding to Fy; = Frm _ F,. 

In the phasor diagram, ®;, (step 7) is in line with F, f 


which produces it. Combining Orin and ®,, gives the total 
rotor flux 


@, = Om + Dy, (step 8) (55-25) 


Next, using the rotor magnetization curve, ©, = f (F,), 
we find (step 9) the rotor mmf, F,, which is in the same 
direction as ®, (step 70). Finally, using Eq. (55-23), we 
obtain the total field mmf (step JZ): 


Fim = Fy a F, 
and, if necessary, also the resultant mmf from Eq. (55-22): 
Peg = Fy, a F, 


With a resistive-inductive load and the generator mode of 
operation, the field mmf thus found is somewhat greater than 
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the field mmf found from the no-load curve (see Fig. 55-3); 
if the resistive-inductive load is sufficiently large, it may 
be somewhat smaller than that mmf. 

In Figs. 55-3 and 55-4, J; (or Hy) is found for the generat- 
or mode of operation and a resistive-inductive load. 
A similar procedure may be used to determine J; in any 
other operating mode specified in terms of the first set of 
defining quantities (V, J and @). If the mode of operation 
is specified in terms of any other set of three defining quanti- 
ties, namely: (2) V, g, J; (3) @, J, J; and (4) V, J, Ty, 
the fourth unknown quantity will have to be found in 
a more complicated manner. 

Taking the second set as an example, several values of 
I are taken arbitrarily, and for each (with V and @ fixed 
in advance) the d.c. field current, J;, is found. Then an 
I; = f (1) curve is plotted, and the value of J corresponding 
to the assumed value of J; found from that curve. With the 
third set of defining quantities, several values of V are 
taken arbitrarily, and with the fourth set, several values 
of m. The remainder of the procedure is the same as has 
been just explained. 


55-4 _—_ Electromagnetic Processes in a Salient-Pole 
Synchronous Machine with Allowance 
for Saturation 


(1) The effect of the armature mmf on the mutual field 
and emf. In a saturated, salient-pole machine, the fields 
set up by different mmfs cannot be treated independently 
of one another. 

The effect of the armature field on the excitation field 
can be accounted for as proposed by Richter. According 
to him, the actual sinusoidally distributed direct- and 
quadrature-axis mmfs, Fy, and Fm, which have a certain 
definite effect on the fundamental mutual field and the 
associated mmf, are replaced by equivalent field mmfs, 
Foam: Fagm, and Fagm, found with allowance for satura- 
tion. 

The equivalent field mmfs are found as follows. 

Assuming several values of load, differing in the values 
of Fym, Fam and Fam, the air-gap field is found with al- 
lowance for iron (teeth and stator yoke) saturation. The 
rotor mmf is assumed to be zero, F, = 0. The results are 
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presented as three air-gap flux density distribution curves 
shown in Fig. 55-5. One curve represents the distribution 
of B, due to Fs, the second curve represents the distribu- 
tion of B,;; due to the joint action of Fs, and Fgm, and 
the third curve gives the distribution of B,,;; due to the 
joint action of Fym, Fam, and 


es 

‘From each curve, the d- and 
g-axis fundamental compo- 
nents of flux density are 
then found. The fundamental 
component of B, due to Fyn 
is along the d-axis and its 
peak value is Bram; in the 
armature winding it induces 
Ena = £;. The fundamental 
component of B8,,; due to 
Fym and Fam is likewise along 
the d-axis and has a peak 


value Byram; in the arma- pig. 55-5 Effect of the d- and 
ture winding it induces Z,,3¢. q-axis armature mmfs, Fg, and 
The fundamental component gm, on the excitation field 

of B;;; due to F;, Fq and 

F, has a d-axis and a q-axis component, with a peak value 
Brrnam and Byyy 1qm; respectively; in the armature wind- 
ing they induce EByryq = Era and Eqpyqg = Erg = Eg: 
The former is the resultant mutual emf due to the d-axis 
field, and the latter is the resultant mutual emf due to 
the g-axis field. When combined, the two emfs give the 
resultant mutual emf 





E, = E yg =F Eee (55-26) 


The effect of the demagnetizing d-axis armature mmf, 
Fam, on the excitation field consists in that the fundamental 
flux density and emf are somewhat reduced (Brriagm< 
Bram Eyna< Ena = E;). By reference to a partial 
no-load characteristic E; = f (F,), where Fy = Fym — Fo, 
the d-axis mmf, Fgm, may be replaced by a field mmf, 
Foam (see Fig. 55-6), equivalent to it in terms of its effect on 
the fundamental emf. 

The effect of Fam can be assessed by comparing B,,; 
and B,,;. As is seen, in addition to setting up a q-axis 
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field with a fundamental flux density By;riqm, the g-axis 
mmf F,, has a certain demagnetizing effect on the d-axis 
field (Brrram < Brrsam)- 

Using the partial no-load characteristic, HE; = f (F1), we 
may replace Fam by Faqm and F gam (see Fig. 55-6). Fagm 
is equivalent to Fg as regards 
the production of the q-axis 
field on load; Fagm gives rise 
to the same emf, Eyriig = 
Egg, as the gq-axis field 
with a flux density Brzr1qm- 

Foam is equivalent to Fgm 
in terms of its effect on the 
d-axis field—it brings down 
the peak value of the d-axis 
flux density from Byram to 
Brrram and the corresponding 
emf from £y;1q to Eyyria, in 
the same way as Fy, does. 

Fam has a demagnetizing 
Fig. 55-6 Determination of ffect on the d-axis field only 
Fudm: Foam, and Faqm equi- in a saturated machine. This 
valent to Fym and Fim in a is because the increase in 
saturated salient-pole machine the flux density due to Fam, 

appearing within that part 
of the pole pitch where the d- and g-axis mmfs are combined 
due to saturation, is not completely balanced out by its 
decrease within that part of the pole pitch where the q-axis 
mmf is subtracted from the d-axis mmf (compare the B,,, 
and 8,; curves). 

The above procedure can be repeated for a range of salient- 
pole machines differing in the air gap geometry (that is, 
in the value of the ratios 6,,/5’, and 6’/t). 

An analysis of such calculations will show that the equiv- 
alent mmfs Foam: Faqgm and Fggm depend not only on 
Fam, Fam, and the air gap shape, but also on the degree 
of saturation of the magnetic circuit by the resultant mutual 
field which corresponds to #,. The field mmf Fg, equiva- 
lent in its effect to Fym is found to be dependent not only 
on the d-axis mmf of the armature and the value of kag, 
as in a nonsalient-pole machine, Eq. (54-17), but also 


on the factor &: 
Foam = §akaaF am (95-27) 


Er 
F, ct Kza Fe 





Ch. 55 Electromagnetic Processes on Load 287 


Faqm, equivalent to Fam as regards the production of 
the g-axis field, is found to be dependent not only on the 
g-axis mmf of the armature and the value of k,,, as in a non- 
salient-pole machine, Eq. (54-18), but also on the factor £,: 


Faqm = Eqhagl qm (55-28) 


Fiam equivalent to Fm in terms of the demagnetizing 
effect on the d-axis field can be expressed in terms of 8’/t, 
kqa, and Fam itself: 


F gam = Ea (1/8') F qm (55-29) 


The dimensionless factors 
Eg, 6, and kgq in Eqs. (55-27) 
and (55-29) depend on the 
saturation factor kzg= F,/F5 
(see Sec. 53-1), characterizing 
the degree of saturation of 
the core by the resultant mu- 
tual flux ©,,, and on the 
ration 6,,/5’ = 6»/5k,, which 
characterizes the air gap shape 
with allowance for the effect 
of saliency (Fig. 55-7). The 
value of kz, can be found from 
the partial no-load character- 
istic, E; =f (F,), as the ratio 
of Fi = Fim — FPF, = Fe 
+ Fz, + Fa, corresponding 
to the resultant mutual emf 
E,, to the air gap mmf, F, 10 17 12 13 14 15 16 
(see Fig. 55-6). 

As is seen from Fig. 55-7, Fig. 55-7 Plots of &4, £4, and 
in an unsaturated machine ‘gq as functions of kz,, and 
(at kz,=1), Egand &, are equal 87/6 
‘to unity, whereas kgq = 0. 

In the circumstances, Eqs. (55-27) and (55-28) for the equiv- 
alent mmfs are the same as Eqs. (54-17) and (54-18) for 
the equivalent mmfs in an unsaturated machine. 

Using §4 and §,, we are in a position to find the saturated 
values of the d- and g-axis mutual inductive reactances 
of the armature 





Xaa, ss EaXaa (55-30) 
Xaq,s = EqXaq 
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Fig. 55-8 Determination of the field mmf in a saturated salient-pole 
synchronous machine (with allowance for variations in field leakage 
flux on load) 
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where Xqa,s and Xgq,, are the saturated inductive react- 
ances, and Xqq and X,, are their values obtained neglecting 
saturation. 

Using Xaa,s and Xqq,;, we may write the respective 
mutual emfs 


Eaa = —jiXaa sla 
and P . 

E aq > —jXagqsl q 
induced by J, and J, in a saturated machine. Using Egg 
and E,g and also the linearized no-load characteristic, 
E; =f (Fs), we can readily determine the equivalent mmf, 
Faam and Fagm, with allow- 
ance for saturation (Fig. 55-8 
and 55-9). Now, we need 
not calculate Fam, Fom: aay 
and kag. 

If the magnetization cha- 
racteristics and the radial gap 
length of a machine are not 
known, then the values of 
E& and €, can be found by 
reference to the normalized 07 068 09 10 11 12 135 
no-load and magnetization _ 
curves ofasalient-polemachine Fig- aes Plots of Ey, §, and 
in Fig. 53-8. Assuming also bad es tunctions\ ofl, 
that the machine has the rela- 
tive air-gap dimensions typical of salient-pole machines, na- 
mely 6,,/6 = 1.5, 5,,/5’ = 1.4, and 6’/t = 0.03, we can write 
&, and &, as functions of the resultant mutual emf, E, (on 
a per-unit basis). The plots of 4 and &, as functions of 
E, shown in Fig. 55-10 have been constructed, using the 
plots of & and &, as functions of kz, (see Fig. 55-7) and 
the normalized no-load characteristic (see Fig. 53-8) from 
which kz, =f(E,) has been determined. Considering 
Eqs. (55-28) and (55-29) together, Fggm can be expressed 
in terms of Fagm: 





Foam = EqaFaqm (55-31) 
where Egg = Kqat/kaq5'&q is a dimensionless factor. For 
a salient-pole machine having a normal no-load curve and 
typical air-gap dimensions, €,q depends solely on E,. A plot 
of this dependence is shown in Fig. 55-10. 

19-0240 
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(2) Voltage and mmf equations. Assuming that the arma- 
ture leakage field is independent of the mutual field and 
neglecting the effect of saturation on the leakage inductive 
reactance, X ,, we may write the armature voltage equation as 

E,= V+ RI-4-jxol (55-32) 
where 


E, = Ess + Bs = emf induced by the resultant mutual 
field 


Ee = emf induced by the resultant d-axis 
mutual field with ,,,,. It corres- 


ponds to Pura = _ F yam — F, found 
e neglecling the rotor mmf, from the 
partial no-load curve 


Bias =— jXaq, Jog= = emf induced by the resultant q-axis 


field set up by I, 

Xaq,s = Saturated value of “the g-axis mutual 
inductive reactance of the armature, 
as defined in Eq. (55-30) 


The resultant d-axis mmf, Fos, corresponding to Eva 
and leading the latter by 90°, is the sum of all mmfs acting 
along the d-axis: 


Pyrg = Fay + Fram + F gam (55-33) 


Equation (55-33), which is the, d-axis mmf equation, con- 
tains the mmfs found neglecting the rotor mmf: 


Fry, which is always acting in the same direction as F rd 
Foam: which is in line with i and 
P gam which is always in electrical quadrature lagging 


with Ez, and in opposition to Fiy, 
The on-load leakage flux, ®;,, corresponds to the field 


mmf, Fi = Pye, — F., on the ®;, =f (F,) curve. The 
rotor mmf, F,, is found with reference to the M, = f(F,) 
curve, from the flux at a rotor pole 


®, = Dram + Dye (55-34) 
The total on-load field mmf is given by 


Fim = Fry + Fe (55-35) 
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where Fiy = Fira — Foam — Faqgm in accord with Kq. 

-33). 
oD Nadine the on-load field current (with allowance for 
variations in the field leakage flux). The field current J; 
(or the excitation mmf F;) in the loaded mode of operation, 
specified by giving V, J and 9, can be found graphically, 
as illustrated in Fig. 55-8. The steps involved are numbered 
from J through 17. The field mmf is found for a salient- 

ole machine with normal no-load curves, EF; = f (Fym) 
and E; = f (Fi) and normal magnetization curves, DO, = 
=f (Fy), On =f (Fi), Pro = f (Fi) and M, = f (F,) plot- 
ted in Fig. 55-8 on a per-unit basis. The per-unit inductive 
reactances of the machine (neglecting saturation) are as 
follows: Xqg= 1.0, X, = 0.627, X,=0.2, Xqq = 0.8, 
and Xqq= 0.427. The armature winding resistance is neglect- 
ed (R = 0). 

We shall consider the operation of the machine as a generat- 
or into a resistive-inductive load with V = 1.0, J = 1.0, 
and cos gm = 0.8. 

The first step is to plot a voltage phasor diagram in ac- 
cord with Eq. (55-32) and locate point 3 which represents 
the per-unit resultant mutual emf, #, = 1.13. (The voltage 
and mmf diagrams should be plotted on scales adopted for 
performance characteristics.) 

Using FE, thus found and referring to the curves in 
Fig. 55-10, the next step is to determine £,—= 0.967, £4 = 
= 0.77 and €,q = 0.23. Then using Eq. (55-30), calculate 
the mutual inductive reactances with allowance for satura- 
tion: 


Xaas = 4Xaaq = 0.967 X 0.8 = 0.772 
Xags = SgXaq = 0.77 X 0.427 = 0.329 
As for an unsaturated, salient-pole machine (see Fig. 55-2), 


plot the phasor E, + jXaq,sf whose tip locates point 4 
and the negative direction of the g-axis. The d-axis lags 


behind the g-axis by 90°. Resolving J (step 5) into the 
g- and d-axis components, find Ig = 0.805 and J, = 0.595 
and the corresponding emf, namely 


aa = Xaa,sla = 0.772 x 0.805 = 0.622 
Eaq = Xaqslq = 0.329 X 0.595 = 0.196 
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Using the above emfs and referring to the linearized no-load 
characteristics, determine the equivalent field mmfs, Fygm = 
= 0.583 (steps 6 and 7), and Fygm = 0.18 (steps & and 9), 
and plot them on the diagram in phase with the correspond- 
ing currents. Fggm (step 10) is found from Eg. (55-34): 


Fam = &qaFaqm = 0-23 X 0.18 = 0.042 


It is directed in opposition to the d-axis and lags behind 
Eva by 90°. 


To find Ex (step JZ) induced by the resultant d-axis 
mmf, £, must be projected on the qg-axis (or one must add 


—Eaq = {Ragels to it). Using E,q and referring to the 
partial no-load characteristic, E; = f (F,), find (step 12) 
the resultant d-axis mmf (neglecting the rotor mmf), Fy,¢ = 


= 1.1, and plot it on the diagram as the phasor Fy ra (Step 13) 


which leads By by 90°. 
Now using Eq. (55-33), determine graphically (step 14) 


the field mmf, F,; = 1.725, neglecting the rotor mmf. 

The leakage flux, ®;, = 0.45, is found (step 75) as a flux 
corresponding to Fy; on the M;, =f (F,) curve. Adding 
@;, to the resultant d-axis mutual flux, Og, = E,g = 1.1, 
we can find from Eq. (55-34) the pole flux 


®, = D.am + Oy, = 1.1 + 0.45 = 1.55 


The next steps are to determine from the ®, = f (F,) 
curve the corresponding rotor mmf, F, = 0.107, and cal- 
culate from Eq. (55-35) the total field mmf 


Fim = Fy + Fy=1.725 + 0.407 = 1.83 


plotted on the diagram as the Fs, phasor (step 17). 

(4) Finding the d.c. field current (neglecting variations 
in the field leakage flux). If the d.c. field current need 
not be found very accurately, we may neglect variations 
in the field leakage flux on load and determine the field 
current from the basic no-load characteristic, Ey = f (F;), 
without resort to the partial no-load characteristic, 
E;=f(F,), and other magnetization curves. The 
necessary constructions are illustrated in Fig. 55-9 (where 
somewhat different parameters have been adopted). 
The steps involved are numbered from Z through 72. The 
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sequence of graphical constructions is the same as it was 
in the previous case. It differs from the sequence shown 
in Fig. 55-8 only in that £,, is used to find directly the 
resultant d-axis mmf, F,~m, which approximately allows for 
the rotor mmf as well and is then used to determine the total 
field mraf 


Fim = Pam — Faam — F pani 


With Pen found in the above manner, we obtain under- 
estimated values of the leakage flux and the rotor mmf in 
the case of a resistive-inductive load. As is seen from 
Fig. 55-8, instead of OM; = 0.45, we use Dyg o¢ = 0.29, 
and instead of F, = 0.107, we use F, 5¢ = 0.052. Because 
of this, the field mmf found in this manner is smaller than 
that found in Fig. 55-8 by Fy — Fy o¢ = 0.107 — 0.052 = 
= 0.055. With the parameters used in Fig. 55-8, it is 


Fim = 1.83 — 0.055 = 1.78 


whereas its true value is 1.83. 

Fortunately, because F, is very small, the error in Fym 
as found from Fig. 55-9 is not very large (in the case on 
hand, it is 3%). Therefore, it would be a good plan to deter- 
mine F;, from the basic no-load characteristic in some 
cases. 

If the mode of operation is specified by giving other 
sets of defining quantities and the unknown quantity is 
not the field current, but V, 7, or @, the procedure must 
be the same as is used for a saturated, nonsalient-pole 
machine (see above). 


56 Energy Conversion by 
a Synchronous Machine 


56-1 Energy Conversion in the Generator Mode 
of Operation. Losses and Efficiency 


Energy conversion by a.c. electric machines has been 
examined in Chap. 30. In this chapter, we shall be concern- 
ed with energy conversion by synchronous machines, with 
special reference to the generator mode of operation. 
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In the generator mode of operation (Fig. 56-1), a prime 
mover supplies the generator with an amount of mechanical 
power given by 

P, = TQ 


where 7, is the input torque acting in the direction of rota- 
tion. A fraction of this input power, equal to P,/n;, is 
expended to drive an exciter with efficiency ny. Some of 
this power, P;/n; — P,;, is dissipated as heat in the exciter. 





Fig. 56-1 Energy conversion in a synchronous machine (in the gene- 
rator mode of operation): 


12—armature (stator); 2—field structure (rotor); 3—exciter (d.c. gene- 
rator) 


Here, P; = R;Jj is the power picked off the exciter com- 
mutator and delivered via its brushes and slip-rings to 
the field winding of the generator where it is likewise dis- 
sipated as heat. Owing to the torque P;/n,;Q required to 
drive the exciter, the torque supplied by the prime mover 
is somewhat reduced, and the torque acting on the rotor, 
2, of the synchronous machine proper is 


Loxt = Tz — PylyyQ 
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As a result, the mechanically stressed shaft applies to 
the rotor an amount of mechanical power given by 


Post = Ps — Pyln¢ = Text (56-1) 


The mechanical power, P,, converted electromagnetic- 
ally, is smaller than the power applied to the rotor by an 
amount equal to the friction and windage losses, Pry; 
and the stray core losses, P.aqa, associated with the har- 
monics of the air gap field: 


Ph = Tem& = Poxt = Pep = Poaa (56-2) 


Accordingly, the mechanical torque which balances the 
electromagnetic torque, Tem, acting on the rotor is smaller 
than Tex; applied to the rotor, by the brake torque due 
to the above listed factors: 


Ten = Text = (Pryw + Peo aa/Q 


In a synchronous machine, the field winding is excited 
by a direct current, J;. Therefore, in contrast to induction 
machines, the power required for excitation, P;, is taken 
from an exciter. 

The direct current in the field winding, J+, may be replac- 
ed by an equivalent surface current of density A, (see 
Fig. 56-2) which sets up an equivalent fundamental field 
(stationary relative to the rotor). The surface current of 
density Ay, stationary relative to the rotor, travels ‘in 
space at the same angular velocity, 2, as the rotor does. 
Therefore, the electromagnetic power generated by the rotat- 
ing surface current A; does not differ from the me- 
chanical power supplied by the shaft 


Pm — Pem = Tem® (56-3) 


The rotating magnetic field transfers Pe, to the stator. 
Some of this power, representing the core loss, P,, is dis- 
sipated as heat in the stator core. The remainder .- 


Pa = Pem —P, (56-4) 
is converted to electric power transferred to the armaturé 
winding ®t phil 
Pea =P + Pou (56-5) 
where Poy; = m,RI? = armature copper loss includ- 

ing stray. lesses~: 
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R = armature resistance includ- 
ing copper loss 
P = m,VI1 cos y = m,R,J* = active power transferred to 
load 
Ry, = load resistance 
The efficiency of a synchronous machine operated as 
a generator is 


n= P/P,=1—S' P/(P+ >: P) 


where >} P = Py/ny + Prrw + Poaa + Pe + Pom is the 
sum of losses in the machine. 


56-2 ‘Electromagnetic Power and Electromagnetic 
Torque 


In a synchronous machine, it is more convenient to express 
the electromagnetic power and the electromagnetic torque 
in terms of armature (stator) quantities. From Eqs. (56-4) 
and (56-5) it follows that 
the electromagnetic power 
may be looked upon as the 
sum of three components 


Pem = P+PoutPec (56-6) 


The core loss, P,, due to 
®,m and proportional to £2 
may be visualized as the 
loss, m,R,/2, occurring in 
a fictitious ohmic resist- 
ance, R,, connected in the 
equivalent circuit of Fig. 
56-2 to carry £,. Then, 


P, = m,R,J2 = m,E2/R, 
=m E,I, (56-7) 


Fig. 56-2 Phasor diagram and equi- = : 
salant circuit of a saturated syn- where I, = P./m,E, is the 


chronous machine (with allowance additional current in the 
for core losses) armature winding, which 
is in line with £,. 
Re-writing Eq. (56-6) subject to Eq. (56-7) gives 


Poem = mI (V cos 9 + JR) + mE, 
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and noting that 
Vcosg + f, = E, cos B, 


and 
Icos 8, +I, =I’ cos B; 


Poem = Mm E,!' cos B; (56-8) 


Using Eq. (56-8), we can write P,.,, transferred across 
the air gap to the stator, in terms of the armature quanti- 
ties, namely the resultant mutual emf £,, the armature 
current J’ adjusted for the additional current J, associated 
with the core losses, P,: 


I'=YV (I, +I cos B,)? + (7 sin B,)? 
and the cosine of the angle B; between EZ, and I’: 
cos 8, = (I cos 8, + J,)/I’ 


As is seen, using Eq. (56-8), we can find the electromagnet- 
ic power in a saturated or an unsaturated synchronous 
machine, once £,, J, cos B, and P, have been determined 
for the specified mode of operation as explained in Chap. 55. 
It may be added that, given £, or ©,, the armature (stator) 
core loss P, can be found from the same equations as for 
an induction machine (see Sec. 40-3). 

As already noted, the electromagnetic power transferred 
to the stator is the sum of two terms, namely 


Py =P + Pou = mE,I cos B, 


we get 


and 
Pe = mE, 


We may treat P., as the power expended to move the sur- 
face current A, equivalent to the armature current J, at 
an angular velocity Q. Likewise, P, may be treated as the 
power expended to move the surface current A,, equivalent 
to Z,, at an angular velocity Q. 

The electromagnetic torque, Tem, acting on the stator 
(see Fig. 56-1) is produced by the interaction of the resultant 
mutual field having a flux ®,,,, with the surface current 
A; equivalent to the armaturé current 


Pian ea 
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The equation of electromagnetic torque can be derived 
from the expression for electromagnetic power 


Tem = Pem/Q = mpV mI’ cos By /\/ 2 (56-9) 
where 


een = V 2 E,/pQ = WykwiDrm 


is the flux linkage of the resultant mutual field with the 
armature winding*. 
The equation of electromagnetic torque 


Tem =(mip/V 2) Vrml’ sin (n/2+B;) (56-10) 


can likewise be derived from Eq. (29-2) which includes 
the sine of the angle between W,,. and I’ (see Fig. 56-2) 
equal to s2/2+ 8;. Because sin (n/2 + B;) = cos B,, 
Eq. (56-10) reduces to Eq. (56-9). 

If we neglect the core loss and set P, = 0, I, = 0, 
and R, = 0, the torque acting on the stator will be given by 


Tem = Pem/Q=(mip/V 2) ¥rnJcosB; (56-44) 
where 
Pem = mE, cos B, 


Assuming that the armature is free from both core and 
copper losses, P, = 0 and Poy = 0, the electromagnetic 
power is equal to the active power 


Pen = mE, cos 8, = m,VI cos gp = P 
Also, 
E, cos B, = V cos @ 


(see the phasor diagram in Fig. 56-2), and the electromagnet- 
ic torque can be expressed in terms of W,,,,, the total 
ae linkage with the armature winding, corresponding 
to V: 
Tem = PIQ=(mip/V 2) Pym cos @ (56-12) 
where 
Pum=V 2V/pQ 


In the generator mode of operation, the electromagnetic 
torque is positive when —n/2< 6p < a/2, —n/2< f, 
<n/2, and —n/2 << p< n/2. On the stator, the positive 


* Wim and ®,,, are found from the fundamental component of the 
air gap field. 
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torque acts in the direction of rotation, and on the rotor, 
in the opposite direction. 

At 3n/2 > 8B. > 0/2, 30/2 > 8, > 2/2, and 30/2 >¢@ 
> 1/2, the electromagnetic torque is negative, which cor- 
responds to the motor mode of operation. 

In an unsaturated salient-pole machine, the electromagnet- 
ic torque may be visualized as a sum of two components. 





Fig. 56-3 Determining the electromagnetic torque components for a 
salient-pole saturated machine operating into a resistive-inductive 
load (B > 0) 

Neglecting the core losses (P, = 0) so as to simplify 
calculations, the resultant mutual emf, £,, can be written 
as the sum of Z; and E, = —R,I — jX,/ induced by the 
armature field in accord with Eq. (54-34), where, R, and 
X, are the components of the mutual impedance of the 
armature given by Eq. (54-37), that is, 

E,=EH;+ &, 
and replace in Eq. (56-11) the projection of £, on the di- 


rection of I by the sum of the projections of E, and E, 
on that direction (see Fig. 56-3) 


E, cos 8, = E; cos B + £, cos By 
where £, cos 8, = —A,/. 
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The same can be done for the flux linkages 
Wem cos B, = Vy», cos B + Yum cos Bu 
Then, proceeding from Eq. (56-11), we get 
Lem = Pem/® = Tay + Toa (56-13) 
where 
Tap = MEI /Q= (mip/V 2) Vjml cos B 


is the torque produced by the interaction of the armature 
current J with the excitation field which gives rise to the 
flux linkage V;,,; and 


Fa mRI?/Q = (mip/V 2) Vom! cos Ba 


is the torque produced by the interaction of the armature 
current with the own field displaced because of the rotor 
saliency through a certain angle, B, + 2/2, from the cur- 
rent and giving rise to the flux linkage V,,. 

The torque 7; exists only in an excited machine. The 
torque 7,, can appear only in a salient-pole machine (Xqy ~« 
=~ X,) at B not equal to 0, n/2, x, or 30/2, when B, 4 —x/2 
and R, +0. This torque is produced when the flux linkage 
Wom (or the armature field) is displaced through a certain 


angle, B, + 1/2, from the current. This occurs when J 
is not directed along the d- or the q-axis of the rotor. 

The torques 7,; and 7',, acting on the stator in the generat- 
or mode of operation into a resistive-inductive load (p > 0, 
and B > 0) are shown in Fig. 56-3. Their directions can 
be determined by the left-hand rule applied to the stator 
current, or formally from Eq. (56-13). As is seen, in this 
mode of operation 7,, is negative (R, > 0). 

Similar torques, but directed in opposition to the stator 
torques, act on the rotor as well. The direction of 7; acting 
on the roter can be found by the left-hand rule applied 
to the electromagnetic force produced by the interaction 
of the excitation field and the armature field. The torque 
Taq acting on a salient-pole rotor in the armature field 
always tends to turn the rotor so that its pole axis (the 
d-axis) runs with the armature field. To demonstrate, as 
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follows from 


Toq = PdL,,/dy 
(at fixed armature current) the torque 7,,, acts in the direc- 
tion of displacements dy such that the armature induct- 


ance £,, increases and dl, > 
>0O. As a result, the d-axis 
of the rotor is forced to align 
itself with the axis of the 
armature field. 

Figure 56-4 shows a phas- 
or diagram for a synchronous 
machine operating as a gene- 
rator into a resistive-capaci- 
tive load (p <0) at B <0. 

Irrespective of the field 
current, 7; in the generator 
mode is always positive and 
acts on the rotor in a direction 
opposite to the direction of 
rotation. The torque 7,, in 
the case of a resistive-induc- 
tive load (pg > 0, B > 0) is 
negative, whereas in the case 
of a resistive-capacitive load 
(p< 0) at B<0 it is positive. 
Formally, this is associat- 
ed with the change of sign 
by the resistive component, 





Fig. 56-4 Determining the elec- 
tromagnetic torque components 
for a salient-pole unsaturated 
machine operating into a resis- 
tive-capacitive load (B < 0) 


R,, of the mutual impedance, which is positive at B >0 


and negative at B <0. 


57 Characteristics of 


a Synchronous Generator 
Supplying an Isolated Load 


57-4 Operat'on of a Synchroneus Generator 


into an lsolated Load 


The operating conditions of a synchronous generator sup- 
plying an isolated load vary according to the nature of 


that load. 
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Under normal service conditions when the power drawn 
by the load does not exceed its rated value, the amp!itude 
and frequency of the voltage across the terminals of the 
generator must be as close to their rated values as practicable. 
In present-day plant, this objective is achieved by controll- 
ing the field and rpm of the prime mover automatically. 

Under abnormal conditions, such as a balanced, steady- 
state short circuit across the generator terminals (or in 
the associated electric system), the armature current of 
the generator may rise to dangerous proportions*. To avoid 
this, safety features are built into both the generator and 
the electric system, such as overcurrent and undervoltage 
relays. Together with the excitation and field controls, 
they keep the generator running under abnormal condi- 
tions as well as they do under normal conditions. 


57-2 _ Excitation Characteristic of a Synchronous 
Generator 


The excitation characteristic of a synchronous generator 
is a plot of its field current as a function of its armature 


current 
I; =f) 


with the terminal voltage V, angular velocity & and load 
angle m held constant. 

The excitation characteristic shows how the field current 
must be varied for the terminal voltage V to remain constant 
in spite of any changes in the load impedance, Z,. Ordin- 
arily, such characteristics are plotted for the rated voltage 
and the rated velocity, assuming several per-unit values 
of armature current (J = 0, 0.2, 0.4, 0.6, 0.8 and 1.0), 
and finding the respective field current, J;, as explained 
in Chap. 55. 

Neglecting saturation, the field current can be found 
analytically from Eq. (55-7) or Eq. (55-17). With allow- 
ance for saturation, this is done graphically, using the 
magnetization curves and the voltage and mmf phasor 
diagram in Fig. 55-4 (for a nonsalient-pole machine) and 
Fig. 55-8 (for a salient-pole machine). 


* Unbalanced load and unbalanced short circuits are examined in 
Chap. 61, and the transients accompanying a balanced short circuit, 
in Chap. 73. 
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A family of excitation characteristics for a synchronous 
generator at various load angles is shown in Fig. 57-1. 
With a resistive-inductive load (g >0), the armature 
mmf has a demagnetizing effect, and the field current must 
be raised so as to maintain 
the desired terminal voltage. 
The largest increase in field 
current occurs in the case 
of a purely inductive load 
(@ = 90°), and the least, in 
the case of a purely resistive 
load (~ = 0). 

This can be borne out qua- 
litatively by reference to the 
simple voltage phasor dia- 
gram in Fig. 57-2a (neglecting 
saturation and saliency, as 
explained in Sec. 55-1), 

p = 37°. The locus of J is 
the line 7’-2’-3’, the locus of 
E,; is the line 7-2-3. As is 
seen, at p > 0, an increase in I 





Fig. 57-1 Control character- 
istics, [7 = f(1), of a synchro- 


is accompanied by a conti- 
nuous rise in E; or J; (on the 
excitation characteristic in 
Fig. 57-1 for m = 37°, the 
numerals 7, 2 and 3 label the 





nous generator at Vp, Qr and 
@ held constant: 

neglecting saturation; 
— — — with allowance for sa- 
turation 


same points as in Fig. 57-2a). 

The effect of load on field current grows in proportion to 

the inductive reactance 
X,=X,+X, 

of the armature winding. 

Point 3 (cos gg = 0.8, JR = 1.0) marks the rated field 
current, J}. It differs from the open-circuit field current 
in proportion to the per-unit value of Xj. 

Accurate values of the field current could be found from 
diagrams constructed with allowance for saturation and 
saliency. However, the excitation characteristics constructed 
with allowance for saturation (in Fig. 57-1, they are shown 
as dashed lines) would differ but little from those plotted 
neglecting saturation. 
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When the load is resistive-capacilive (p<0, see Fig. 57-25), 
the field current at small armature currents is lower than 
it is on open circuit (say, at point 4), drops to a minimum 
value (at point 5), and rises again. 

This behaviour can be explained by reference to the fa- 
mily of vollage diagrams in Fig. 57-2b. As is seen, E; for 
which the locus is the line 4-5-6-7 varies with the increase 





Fig. 57-2 Construction of excitation characteristics 


in armature current from point #’ to point 6’ in the same 
manner as the field current, as already explained. At low 
armature currents (points 4 and 4’) 


I=V |sing |/X¢ 
which flow at X¢ > X,, 


oats X\—Xe 
6 = arctan RE <0 
and E; lags behind J. At the above points, the d-axis cur- 
rent and the d-axis mmf of the armature are magnetizing in 
their effect. EH; < V, and J; is smaller than J; 9, the field 
current on open circuit. 

At points 5 and 5’, where X¢ = X,, a voltage resonance 
takes place—the equivalent-circuit reactance to E; vanishes, 
X,— Xc¢ = 0, and the armature current 


I= V {sing |/X, = V | cosg |/Ry 
is now in phase with EZ; (p = 0). In the circumstances, the 
field current takes the least possible value, I; min, corres- 


ponding to E; mm = Vcos@ (point 5 in Fig. 57-1). 
At J =V {sing |/X¢ >V|sing |/X;,_ that is, at 
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X¢ <.X;, the phase angle B is nonzero positive, and Ez, 


leads J (for example, at points 6 and 6’). Now the d-axis 

current and mmf of the armature are demagnetizing in their 

effect, E; > Ey min, and J; exceeds I; min which exists 

at point 9 when the armature current has only the q-axis 

component, J,, whereas the d-axis component vanishes. 
Finally, at the armature current 


I=V\|sing |/Xc = 2V [sin g |/X, 


that is, at X¢ = X,/2, we again see that EZ; = V, and 
I, =I;oc (point 7 in Fig. 57-1). 

When saturation and saliency are allowed for, the quan- 
titative relationships are somewhat different, but the qua- 
litative picture remains unchanged, the effect of saturation 
alone being insignificant (compare with the curves for g = 
= —37° in Fig. 57-4). 

When the load is purely capacitive, the field current 
falls off with an increase in the armature current at an 
especially high rate, although in a linear fashion. At the 
armature current given by 


I az V | sin @ /Xe = V/Xe — V/X, 


which corresponds to voltage resonance, the field current 
reduces to zero. Therefore, when the machine is connected 
across a capacitive reactance, a voltage may exist across 
its terminals even when no excitation is applied. This is 
what is called the self-ercitation of a synchronous machine 
(in more detail, this will be explained later in this chapter). 

If we reduce the capacitive reactance still more so that 
Xc¢ < X,, which corresponds to J > V/X,, we will be able 
to maintain the desired terminal voltage by exciting the 
machine with a negative current, J; <0, whose mmf will 
be in opposition to the armature mmf. A detailed analysis 
of operation at negative excitation would show that this is 
an unstable condition. Should the rotor depart by any 
change from a position where its mmf, F;,, opposes the 
armature mmf, F,m, there would appear an electromagnetic 
torque that would tend to increase the departure. As a result, 
the rotor and its mmf would turn relative to F,, through 
180° (electrical), so that Fy, would be in line with Fam. 

Negative excitation can be effected only in machine 
fitted with suitable fast-acting automatic field and rpm 
control circuits. 
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57-3 External Characteristics 


An external characteristic is a plot of the terminal voltage 
of a generator as a function of its armature current, V = 
=f (/), with the field current, rpm and load angle held 
constant. 

An external characteristic shows how the terminal voltage 
of a generator varies as the load current increases, if the 
field current and the nature of load remain unchanged. 
As a rule, external character- 
istics are plotted for two 
characteristic values of field 
current, namely I; o¢ cor- 
responding to Vz on open cir- 
cuit, and J; R corresponding 
to the rated operating con- 
ditions (Vp, Jp, and pr). 

A family of external charac- 
teristics for a synchronous gen- 
erator (X, = 0.86, X, = 0.16, 
and X, = 0.70) plotted at 
V = Vr, J+ = I},0c, and va- 
rious load angles g, is shown 





Fig. 3 External characteris- 


tics, =f(f), of a synchro- 110US ; 

nous Ren at [j= 1;,R,QR in Fig. 57-3. In plotting exter- 

and @ held constant: nal characteristics, it is essen- 
—— with allowance forsa- tial to allow for the effect of 

turation; — — — — neglecting saturation. 

natursion From a comparison of the 


external characteristics for 
@ = +37° (cos p = 0.8), plotted at the same field current 
with allowance for saturation (full curves) and neglecting 
saturation (dashed curves), it is seen that the curves drawn 
neglecting saturation are the same as the exact curves only 
at low terminal voltages and give, in the general case, only 
a qualitative idea about variations in terminal voltage. 
In constructing external characteristics, V needs to be 
determined under various sets of operating conditions as 
specified in terms of J;, J and @ (see Chap. Do). 

The characteristics shown as full curves in Fig. 57-3 
have been constructed by reference to the phasor diagram 
of a nonsalient-pole synchronous machine and using the 
normalized open-circuit characteristic of a nonsalient-pole 
machine from Fig. 53-11. 
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The basic external characteristic at the rated load angle, 
rx = 37°, passes through point J where the terminal vol- 
tage and current are at their rated values (on a per-unit 
basis, Vp = 1 and Jp = 1). A decrease in the current 
through a resistive-inductive load (at @ = QR), with the 
field current held constant, is accompanied by an increase 
in the terminal voltage due to a decrease in the demagnetizing 
effect of the armature mmf, F,. On open circuit, when 
Z, = co, J =Oand F, = 0, the terminal voltage becomes 
equal to Z;n, where EZ; is a function of J; ,, as follows 
from the open-circuit characteristic. Using Ey, we can 
determine the inherent voltage regulation in the case of 
load shedding: 


AV, —= AV/VR ca (E;.r — Vr)/Va (57-4) 
For the machine in question, 
AV, = (4.26 — 1.0) + 1.0 = 0.26 


This gives a percentage voltage regulation of 26%. 
An increase in the current through a resistive-inductive 
load (at ~ = @r) is accompanied by a fall in the terminal 
voltage. When Z;, = 0, that is, when the terminal leads of 
the armature are shorted together, a balanced, steady-state 
short circuit occurs, with J; = I;,n. The terminal voltage 
of the generator is then equal to zero, and the current’ be- 
comes equal to the short-circuit current at normal excitation: 


I = Ine.R (Ey,n0/X1) = 1.93 + 0.86 = 2.25 


where E; no = f (J;,R) is found from the air-gap line — the 
linearized open-circuit characteristic, E; = f (Fs). 

External characteristics plotted for the same value of 
I;,n= 1.68, but for other value of p= qr, have a common 
open-circuit point (V=E; , and J=0) and a common short- 
circuit point (V = 0 and J = J,,.R) with the basic external 
characteristic. 

With a resistive-inductive load, when 90° > g>0, an 
increase in current from zero to Is.,R is accompanied by 
a monotone decrease in the terminal voltage from E;,R 
to zero. The rate of fall is especially pronounced in the case 
of a purely inductive load (p = 90°, cos @ = 0), and is 


20% 
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very slow in the case of a purely resistive load (p = 0, 
cos = 1.0). 

With a resistive-capacitive load, when 0 > g > —90°, 
the terminal voltage varies in a more elaborate manner (see 
the full curve for gp = —37° in Fig. 57-3). At low armature 
currents, when X¢ is high, V > E;,p. At a certain armat- 
ure current corresponding to a voltage resonance (X ¢ = 
= XR, where Xp is the armature inductive reactance 
with allowance for saturation), V = Vma,. AS Z;, keeps 
decreasing, the terminal voltage goes down too, but the 
armature current keeps rising until it attains its maximum 
value, Imax >Jsc.n- From that instant on, it again falls 
to tec, R- 

With a purely capacitive load, when go = —90°, the 
characteristic has two non-intersecting portions, one of 
which passes through the open-circuit point (V = Ey 
and J = Q), and the other passes through the short-circuit 
point (V = 0, J = Isc,R). The second portion corresponds 
to unstable operation, because it involves negative field 
currents (see the analysis of field control characteristics). 

Neglecting saturation, external characteristics can be des- 
cribed analytically by Eq. (55-18) for salient-pole machines, 
or by Eq. (55-8) for nonsalient-pole machines. As already 
noted, they are identical with the exact characteristics 
at low terminal voltages and may be used to advantage 
in a qualitative analysis of external characteristics. 

As will be recalled, external characteristics are measured 
for constant power factor (sin p), and constant E; = E; po, 
the only variable being Z;,. Then, differentiating Eq. (55-8) 
and putting dV/dZ, = 0, we find that 


V = Vunax = E},R,/cos (point 3) 


at | X; | = X, and Zy = X,/| sin |. At this point, a volt- 
age resonance takes place, and the current 


I = V/Zy, = (Es,n0/X3) | tan 9 | = Isc, | tan @ | 


Accordingly, taking the derivative Eq. (55-8) and equating 
it to zero, we will see that the current is a maximum 


Imax = E£;,Ro/X1 cos P = Isc,pn/cos p 
at Zy, = X, sin g (point 5), where 
V = ZyImax = E;,n0 tan 9 
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Using Eq. (55-8), it is as easy to find the current at which 
the voltage first falls off, then becomes equal to that on 
open circuit, V = EZ; (point 4). This current is 


I= 2E;,R0 | sin iy |/X, =2 | sin @ | Isc,r 


and corresponds to Z;, = X,/2 | sing |. 


57-4 Short-Circuit Characteristic 


A short-circuit characteristic relates the armature current 
to the field current on a balanced, steady-state short circuit 
at the armature terminals: 


I 50 = f (I;) 


Experimentally, a short-circuit characteristic is measured 
as follows. With the machine stopped, three ammeters 
or current transformers are connected in a star to its ter- 
minals. The generator is brought up to rated speed Qp 
at I; = 0, then the field current is gradually raised, and 
the armature current is measured for each value of J;. 
The results are plotted as an J,, = f (J;) curve shown in 
Fig. 57-4. Experiments have shown that this relation remains 
linear even when the short-circuit current is three or four 
times the rated armature current. 

On a short-circuit, the excitation field is substantially 
weakened by the demagnetizing action of the d-axis compo- 
nent of armature mmf. The magnetic circuit of the machine 
is only slightly saturated, and the short-circuit current 
may well be found from the equivalent circuit drawn for 
an unsaturated salient-pole synchronous machine in Fig. 54-4 
or the voltage equation, (55-19). On a short circuit, Z;, = 0, 
Ry = 0, and X;, = 0, so the short-circuit current is solely 
limited by the resistance, R, and inductive reactance, Xj, 
of the armature winding. 

The armature conductors have a negligible resistance in 
comparison with their g-axis inductive reactance (in per- 
unit, R = 0.01 to 0.001, X, = 0.3 to 1.5 for salient-pole 
machines, and X, = Xz, = 1.0 to 2.5 for nonsalient-pole 
machines). Therefore, at Z; = 0, cosB, Eq. (55-15), is 
zero very nearly: 


cosp= R/V X2+R? ~0 
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Hence, 8 = x/2, sin B = 1.0, and the armature current is 
acting wholly along the d-axis: 


Ig=TIsinfB =J=I,, 
I, =TcosB = 


Accordingly, at B = m/2, the armature inductive reac- 
tance, X,, to the short-circuit current is the same as its 






Bia 


4 


Fig. 57-4 Construction of a short-circuit characteristic, Iso = f (/,), 
under a balanced, steady-state short circuit 


d-axis inductive reactance (neglecting saturation): 


XatxX Xa—X 
ee ak 
whereas its resistance, R,, does not differ from that of the 


winding: 
Xq—X 
R,=R+—{— sin B=R 


The short-circuit current itself can be found from an 
equation deducible from Eq. (55-19) and applicable to both 
salient-pole and nonsalient-pole machines where X, = Xqg = 
ee oe 

‘ i= ee (57-2) 
V Re Xe 
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where E;, is the emf corresponding to the specified field 
current and found from the linearized open-circuit character- 
istic, Ey; = f (Fym). 

At the rated angular velocity, Q = QR (or o = @r), 
the resistance of the armature winding is small in comparison 
with its inductive reactance. Therefore, it is safe to calculate 
the short-circuit current by the equation 


Tee = Eyl Xa (57-3) 


It is to be noted that at a constant field current the short- 
circuit current is nearly independent of the angular velocity 
of the rotor, because both Ey, and Xq are proportional to 
that velocity: 

E59 = Ey R0Qe 


Xa = XaRQy 
where Xy,.R and E; po are the inductive reactance and emf 
at the rated angular velocity (neglecting saturation), and 
Q, is the per-unit angular ve- ' 
locity of the rotor. ‘ 


i 
From the approximate equa- ATT 
tion (57-3) it follows that Esenee 


under the above conditions focesneas 


the short-circuit current is in- 
dependent of angular velocity: 


I s¢ = Ey (/Xa = E;,r0/Xa,r 
=T.¢R = constant 


If we allow for the effect of 
the resistance in accord with 4 
Fig: (572) Mean be show 
that the short-circuit current Fig. 57-5 Short-circuit current 
is practically constant at suffi- as a function of the relative ro- 
ciently high angular velocities velocity at constant field 
and that it begins to fall off at sues 
very low velocities and decreas- 
es gradually to zero. This is illustrated in Fig. 57-5 which 
is a plot of Isc/Isc.p = f (2,4), constructed at a constant 
field current for a machine with R = 0. 01, and X, = 1.0. 
Figure 57-4 shows how J; (or F;) can be found for a salient- 
pole machine at a specified short-circuit current graphically. 
This is done by using the phasor-vector diagram for a saturat- 
ed salient-pole machine (Fig. 55-9) and the open-circuit 
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characteristic so as to see how large the currents may be for 
the magnetic circuit of the machine to remain still unsat- 
urated. 

As is seen, Fs, is the sum of F,, corresponding to E, = 
= X,/, and Fagm equivalent to the d-axis mmf of the ar- 
mature. At E,,,= Xy ol4<0.7, when the E; = f (Fm) open- 
circuit characteristic is practically linear and is the same 
as the F; = f (F4) curve, F,, is proportional to E, = X,J 
and to the short-circuit current. Also, kz, = F,/F, = 1.0, 
Eq=1.0, kgg=0, and, in accord with Eq. (55-30), 


Xaa,s as Xo 
Eaa = Xaal 


By the same token, F,g, corresponding to £,, from the 
E; =f (Fs) curve is likewise proportional to the short- 
circuit current, and this implies that both Fy, = Frm 
+ Foam and F;/w; are proportional to the short-circuit 
current so long as £,,, remains less than 0.7, and the short- 
circuit current itself is 


Taso <0-7/Xuqg % 4 to 7.0* 


On a per-unit basis, the short-circuit characteristic, J,, = 
= f (I;), can readily be plotted, using the so-called short- 
circuit triangle (AABC in Fig. 57-4). The vertical side of 
this triangle, AB, represents the leakage emf, X,/J, and 
the horizontal side BC represents the d-axis armature mmf. 
The dimensions of the triangle or of its sides AB and BC 
are proportional to the armature current. 

Using the short-circuit triangle, it is an easy matter to 
find J; or Fs, corresponding to the specified short-circuit 
current. If we position corner A on the open-circuit charac- 
teristic and align the side BC with the axis of abscissae, 
corner C will locate J;. By varying the dimensions of tri- 
angle ABC in proportion to the short-circuit current, we 
will see that within the limits stated the short-circuit re- 
mains linear. 

The performance of a synchronous generator can to a cert- 
ain extent be described in terms of the short-circuit current 
which corresponds to the open-circuit mmf, Fym oc, produc- 
ing rated voltage on open circuit. The ratio of this cur- 
rent, Isce.oc, to the rated current, Jp, is called the short- 


* It is assumed that X,, is independent of the current in the arma- 
ture winding. 
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circuit ratio of a synchronous machine®*: 
SCR = Isc.oc/TR a Tse,0¢ (57-4) 


The SCR may be expressed in terms of the d-axis inductive 
reactance of the armature [see Fig. 57-4 and Eq. (57-3)]: 


SCR = Ey.oo/Xaln & (1.06 to 1.15) Ve/Xaln 
= 1.06Xy¢ to 1.15 Xy (57-5) 


where X,,q is the per-unit d-axis armature inductive react- 
ance (neglecting saturation). The factor 1.06 applies to 
salient-pole machines, and 1.45 to nonsalient-pole units 
with normal open-circuit characteristics. 

The steady-state short-circuit current, Is..R, at rated 
excitation, Fym.p, is 1.5 to 3 times the current at Pym oc 


Tasc.R ar Ig. ,sc,00 (Fim,R/F tm,oc) 
= I gsc oc! ##,00 (57-6) 


57-5 Load Characteristics 


A load characteristic relates the terminal voltage of a gen- 
erator to its field current, with the armature current, ang- 
ular velocity and load angle held constant. 


V = f (Js) 


A load characteristic shows how the terminal voltage 
varies with changes in the field current, if the armature 
current is held constant in amplitude (J = constant) and 
in phase (p = constant) by adjusting Z,, the load imped- 
ance. 

A special case of the load characteristic is the open-cir- 
cuit characteristic which may be treated as a load character- 
istic 

V = 2, =f (It) 
measured at an armature current equal to zero (J = 0 and 
Zu = oo). 

Of all other load characteristics, use is practically made 
of only the inductive load characteristic applicable to an 
inductive load (p = 90°). 


* Some authors define the SCR as the ratio of the field current 
producing rated voltage on open circuit to the field current producing 
tated short-circuit current,—Translator’s note, 
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To locate a point on the inductive load characteristic of 
a salient-pole machine corresponding to V, it is necessary 
to find F;, under the operating conditions defined by 
V, I and g = 90°. With allowance for saturation, this 
can be done by reference to the voltage phasor diagram 





cf li =f (Frm) 








se 


Fig. 57-6 Inductive load characteristic plotted for a salient-pole 
machine (Xz = 1.0, X, = 0.16, J = IR = 1.0): 

1—with allowance for variations in leakage flux on load; 2—neglecting variations 
in leakage flux on load; 3—neglecting the effect of saturation on Foam (using the 
short-circuit triangle) 


and magnetization or open-circuit characteristics, as illustrat- 
ed in Fig. 57-6 (see Chap. 55). 
With an inductive load, 


Xz = Z;, sin @ = Z, 
Ry, = Z, cos p = 0 
In accord with Eq. (55-15), 


cos Bp = —————_———. a ee 7) 
V &L+XqP+ RF 
and 
6B = 90° 


Therefore, the armature current only has a d-axis comp- 
onent: 


Ig=TJsinpf =I 
I, =IcosB =0 
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Accordingly, in constructing the characteristic, we may 
put J = Iq, Ig = 0, Igm = 0, and E,g = EF, = V+ Xl. 
Most accurately, the construction is carried out as illustrat- 
ed in Fig. 55-8, using the magnetization curves (see 
Fig. 53-8), because it takes into account variations in the 
leakage flux on load, and the excitation mmf is found as 
Fim = Fyra + Foams + Fs 
where F,,g = mmf corresponding to £,g = E,, as found 
from the FE; = f (F,) 
Foaam,s = mmf found with allowance for saturation and 
corresponding to Xqa,sfl = €aXaal on the 
E;,=f (Fs) curve, and §;=—f(E,) in 
Fig. 55-10 
F, = rotor mmf on the M, = f (F,) curve 
Curve J in Fig. 57-6 has been plotted in the manner 
explained just above. Curve 2 in the same figure has been 
plotted in accord with Fig. 55-9, using the open-circuit 
characteristic in Fig. 53-8. It neglects variations in the leak- 
age flux on load, and the excitation mmf is given by 


Fim = Fram + Faam,s 


where Fam is the mmf corresponding to £,g = E, on the 
E; = f (Fym) curve. 

Load curve 3 has likewise been constructed as illustrated 
in Fig. 55-9, using the open-circuit characteristic, but neglect- 
ing variations in the leakage flux on load and the effect 
of saturation on Fagm. Accordingly, the field mmf can be 


found as 
Fim = F am + FP aam 


where Fygm is the mmf found neglecting saturation (at 
Eq = 1.0) and corresponding to X,gJ on the E; = f (Fs) 
curve. 

The simplest way to construct load curve 2 is illustrated 
in sufficient detail in Fig. 57-6. On the assumptions used, 
Foam at a constant J is likewise constant and equal to that 
on a Steady-state circuit with J,, = J, when the magnetic 
circuit of the machine is unsaturated (see above in this sec- 
tion). Therefore, curve 3 can be constructed, using the short- 
circuit triangle, AABC, with the side AB equal to X,J, 
and the side BC to Fagm. From the construction in Fig. 57-6 
it follows that at V point C on load curve 3 can be located 
with the aid of the short-circuit triangle, when the side 
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BC is aligned with the line of constant V and the corner A 
is positioned on the open-circuit characteristic. As point A 
is moved along the open-circuit characteristic, point C 
will trace out the load characteristic, V = f (Fym) or V = 
=f (J;). At V = 0, when the triangle takes up the posi- 
tion labelled A,B,C,, point C, will give the field mmf 
on a short circuit with J = Ig. 

At V < 0.7, curve 3 is the same as curves 2 and J con- 
structed on more rigorous assumptions. At high voltages, 
curve 3 substantially differs from curve J which is practic- 
ally the same as the experimental load curve. 

The open-circuit characteristic, E; =f (Fym), and the 
inductive load characteristic, V =f (Fym), obtained by 
experiment, may well be used to determine the leakage in- 
ductive reactance. The procedure is as follows. Choose point 
C within the nonlinear part of the V =f (F;,) curve, 
lay off OC = O,C, as shown in Fig. 57-6, and draw through 
point 0 a line parallel to the initial part of the open-circuit 
characteristic. Point A at the intersection with the open- 
circuit characteristic will give the side AB of the triangle 
on a voltage scale. Now the armature leakage inductive 
reactance may be written 


X, = ABII 


where J is the current at which the load characteristic is 
measured. 

The error in the value of X, thus found is proportional 
to the discrepancy between curves 3 and 7, and X, is being 
somewhat overestimated. 


57-6 _— Self-Excitation of a Synchronous Generator 
Operating into a Capacitive Load 


From analysis of the field control characteristics for a synchro- 


nous generator at a constant V, it can be seen that a de- 
crease in the capacitive reactance of the load entails an increase 
in the armature current, J, with the result that the field 
current gradually falls off until, at a certain value of Xo, 
it disappears altogether, although the terminal voltage of 
the generator remains the same as before, that is, equal to V. 

In a nonsalient-pole machine, this happens when X¢ 
is equal to X,, the inductive reactance of the armature. 
Now R+ Ry, =0, a voltage resonance takes place, and 
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E; given by Eq. (55-8) vanishes: 
E,=1V &i—Xe=0 


In the circumstances, the field is excited by the d-axis 
magnetizing current in the armature winding, and no exci- 
tation is needed from the rotor’s side (J; = 

If we connect an unexcited synchronous machine, with 
its rotor spinning, across a capacitive reactance, Xc¢ = Xj, 


v 


iS 


t 
06 VERT Ll | ml i i i i il i tt i 


Fig. 57-7 Variations in terminal voltage due to self-excitation of a 
synchronous generator 


what is known as self-excitation will take place. The small 
emf always existing across the armature terminals due to the 
remanence of the poles gives rise to a magnetizing current 
in the armature winding, and the current boosts the field. 
In turn, the field induces a larger emf which boosts the 
field still more, and so on. The transient thus initiated 
(see Fig. 57-7) causes the terminal voltage to build up until 
it attains a steady-state amplitude, /2V. This value cor- 
responds to the onset of saturation in the magnetic circuit 
and the associated insignificant decrease in X,. 

When a salient-pole machine is operating into a capacitive 


load (Xy, = —Xce, R+ Ry, = 0), the resultant current acts 
along the d-axis, see Eq. 50-40: 

Ig=TI |sin B| = 

I,=Icosp=0 


sin B =(Xg—X¢)/V (Xq—Xc?=+1 
At Xo >X,, it has a magnetizing effect, because 
sin B =— 1 
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and 
p = —n/2 


At Xo = X,=Xq, as follows from Eq. (55-19), £, 


= IY (X,—Xc)* reduces to zero, and self-excitation is 


likely to take place. It can be shown that self-excitation 
can as well occur when X¢ differs from Xg, but lies in 
the range 


Ce oe (57-7) 


The values of the armature voltage and current to which 
they settle when the process of self-excitation is completed 





Fig. 57-8 Determination of the armature voltage for a synchronous 
machine connected to a capacitive load in the case of self-excitation 


at X;, = —Xg can be found graphically, using the phasor 
diagram and open-circuit characteristics of a saturated 
salient-pole machine, Eq. (55-32), and Fig. 55-9. This is 
done in Fig. 57-8 proceeding from the fact that in a steady 
state the mutual field is established solely by Fam, whereas 
Fym = 0 and, as a consequence, the resultant d-axis mmf, 
F,am, does not differ from Fygm. By the same token, Ey 
is produced solely by the d-axis armature current and does 
not differ from £4. As is seen from the diagram in Fig. 57-8 
(drawn in accord with Eq. (55-32)), given X¢ and Xq, the 
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resultant emf is proportional to the armature current 
ie = Ba + Euq = Bes 
=V+ jx 
= —j (Xo —X.)1 
The emf induced by the d-axis armature field, Egg, 


can be found, using the open-circuit characteristic E; = 
=f (Em), from the mmf 


Foam =€akaaF am © kaa (V 2/m) my (wskws/p) I 


proportional to J (with a sufficient accuracy it may be 
taken that &, is equal to unity). Therefore, the E,g = f (J) 
curve shown in Fig. 57-8 is in effect an open-circuit character- 
istic re-drawn as a function of the armature current which 
replaces Pym = Foam. At J = 1.0 and neglecting satura- 
tion, the per-unit F,, is given by 
Eaa = Xoal = Xaa 

Therefore, as is shown in Fig. 57-8, 

E; = Ea = Xaa 
corresponds on the open-circuit characteristic to Jp = 1.0. 
Thus, the condition arising at the end of self-excitation 
corresponds to point A where the £,g = (Xg — X,) J and 


Eqq = f (J) curves intersect and where E,g = Eyq. The cor- 
responding armature voltage 


V = Eg + Xol 
is represented by the corner C of the short-circuit triangle 
with its side BC drawn on the armature current scale. 


On expressing £,, at point A in terms of the current and 
saturated d-axis inductive reactance 


Eqa = Xaa,sl 
where Xaa,s << Xaa, it can be seen that 
Eygt Xl = Xl 
Xaays + Xo ms X¢ 
X ays = Xo 
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This implies that in a steady state a voltage resonance 
occurs as an outcome of saturation in the magnetic circuit. 
The linear part of the £4, = f (1) curve is described by the 
equation E,g = Xgal. Therefore, the E,g = (X¢ — X,)I 
and £,, = f (£) curves can interest at point A only when 
Xqa = Xo — X,00r Xq > Xe, which checks with Eq. (57-7). 
When X;< Xc, the two curves can intersect only at 
point O where J = 0, V = 0, and no self-excitation can 
take place. If Xo > X,, the armature voltage that exists 
after self-excitation will rise as Xc is decreased. 

The risk of self-excitation in the case of synchronous 
generators supplying capacitive loads complicates the opera- 
tion of electrical systems and impairs the strength of the 
insulation in the generators and the machines or devices 
they feed. In practice, self-excitation may take place, if 
a synchronous generator is connected via a transformer to 
a sufficiently long, open-circuited transmission line whose 
reactance is capacitive in its behaviour, X71, = —Xg¢. 

In designing an electric station and a transmission line, 
care is always taken to make the d-axis inductive reactance of 
the generator smaller than the capacitive reactance of the 
line, with allowance for a transformer, 


Xq< Xe 


This will ordinarily rule out the likelihood of self-excita- 
tion due to a rise in the line voltage. 

Self-excitation may as well take place in the case of 
a resistive-capacitive load, 


Zi, = Ry — iXe 
if the total resistance of the armature circuit 
Rye=R+ARz 


is sufficiently small. In order to see how large this resistance 
should be, let us turn to the equations (50-14) and the dia- 
gram, Fig. 57-9, of an unsaturated, salient-pole machine. 
It is assumed that R = 0 and Xg > Xc¢ > Xq. Obviously, 


self-excitation will lead to V = (Ry — jXe) I only if the 


armature current, J =J,+J,, gives rise to an emf 


E, = Ed + iam = re = 1Xaqlq 
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which is equal to the required mutual emf 
Boa VX? = (Rn 7 he SA Vd 
that is, if E, — E,. 





Fig. 57-9 Conditions for self-excitation in the case of a resistive- 
capacitive load 


Using Eq. (55-15) and finding cos B and sin f from the 
specified load resistance and reactance: 


cos Bp = re. | 
V (Xe—X q+ RF 
Xq—Xe 


nb Tee—arTe, ~° 


the equality Be: — E, may be re-written in scalar form as 
, = E,, where 


=IV (Xc—Xo)? + A 
Eq eae ee cos? B 


Xoq (Xo—Xq)P? + XGq Ri, 
(Ke Xqh FRE 


or 
(Xo— Xe)? + RL= 


21-0240 
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On solving the last equation for Ry, we find that self- 
excitation can occur at 


Ry =V (Xa—Xc) (Xc— Xq) (57-8) 


From an analysis of Eq. (57-8) it follows that at Xp = X, 
or Xp = Xq, self-excitation can take place only in the 
case of a purely capacitive 
x, load, that is, when Ry = 0. 
At Xo >Xqa and Xe =X y, 
Xa a real resistance at which 
self-excitation could occur 
simply does not exist. At Xo= 
= (Xqa+ X,)/2, _ self-excita- 
Xy tion will occur at the highest 
value of resistance equal to 

Ry = (Xq— X,)/2. 


Ka-Xq)/2 A plot of Ry as a function 

Xs of X¢ appears in Fig. 57-10. 
he The values of voltage that 

QZ exist at the value of Ry and Xo 


lying on the Ry =f (X¢) curve 
Fig.57-40 Conditions forcapaci- may be found graphically. 
tive ee ece ape. eae For each combination of Ry, 
Bee Oi NG ee : and X¢ corresponding to a par- 
where sel{-excitation is possible) ticular value of Bi the 6. 

= f (Z) and £, = f(J) curves 
coincide over the entire length of the linear part of the 
E, curve (see Fig. 57-9). Therefore, self-excitation results 
in EF, and £,at point A corresponding to the onset of satura- 
tion. Obviously, at Xzg=>Xc¢ > Xq, self-excitation can 
take place not only at the value of Ay, given by Eq. (57-8), 
but also at Ry=O and any values of Ryp< 
V (Xe — Xe) (Xe — X,), that is, at values of Ay falling 
within the shaded area in Fig. 57-10. The values of armature 
voltage that exist when self-excitation occurs at such values 
of Ry lie between the voltage found from Fig. 57-8 for 
Ry = Oand the voltage found from Fig. 57-9 at Ry = f (X¢). 
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58 Parallel Operation 
of Synchronous Machines 


58-9 Parallel Operation of Synchronous Generators 
in an Electric System 


Mechanical energy is converted to electricity predominantly 
by synchronous machines. In the Soviet Union, about 85% 
of the total comes from the steam-turbine generators instal- 
led at fuel-fired stations, about 15% by hydro-electric 





Fig. 58-1 Single-line diagram of a simple electric system 


generators, and a few per cent by the steam-turbine gener- 
ators operating at nuclear power stations. 

The bulk of the electric supply is produced by synchro- 
nous generators connected in parallel and feeding a common 
load. 

A single-line diagram of a three-phase electrical system 
containing paralleled synchronous generators and paralleled 
loads is shown in Fig. 58-1. As is seen, the system has sev- 
eral electric stations (ES,, ES,, ...) with several gener- 
ators installed at each (G,, G,, .. .). The three-phase stator 
windings of the generators are connected in parallel to 
common buses. Remote stations are interconnected for pa- 
rallel operation by means of transmission lines and three- 
phase transformers with which the voltage level can be 


21# 
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varied at will. The transmission lines on tappings from them 
supply power to the loads (Z,, L., ...) connected in the 
system. 

Most often, the loads are various a.c. motors, heating 
appliances, lighting fixtures, and a.c./d.c. converters sup- 
plying systems that operate on d.c. All the loads are con- 
nected in parallel and add up to resistive-inductive imped- 
ances inserted at various nodes of the electric system. Be- 
cause the paralleled generators are interconnected electric- 
ally or via transformers, their voltages alternate at the 
same frequency 


h=f=fs=---=f 


Their rotors, too, rotate at the same electrical angular 
velocity 

@, = © = 0,=...= 0 = anf 
whereas their mechanical angular velocities are inversely 
proportional to the number of pair poles in the generators 


Q, = o/D;, Q, = /D>, Q, = o/D; wast Ne 


For this reason, the paralleled generators are said to be operat- 
ing in step or synchronism with one another, and the proce- 
dure of bringing the machines into parallel operation (put- 
ting them on line) is called synchronizing or synchronization 
(see Chap. 59). 

To secure reliable and economic operation of power sys- 
tems, it is usual to group individual stations into what 
are usually referred to as power pools or interconnections, 
each with up to several hundred large generators totalling 
between them 10 million kW or even more. In the Soviet 
Union, there are tens of power interconnections of such 
caliber. Most frequently, power pools are grouped into still 
larger entities, known as interconnected power systems or 
grids (or grid systems). This is true of most industrially 
developed countries of the world, and the tendency has of 
late been to scale up the interconnections and grids still 
more. 

As already noted, power service from interconnections 
and grids is more reliable than it would be from individual 
generators each supplying an isolated load. With the gener- 
ators connected in parallel, an electric station can remove 
any one generator from service for maintenance without 
interrupting power supply to its loads. Another advantage 
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of interconnections is that they can pool power from stations 
using different sources of energy—fossil fuel, falling water, 
fissile or fissionable elements. A third advantage is that 
the installed capacity at any one station can be reduced to 
a reasonable and more manageable size, and the demand, 
however fluctuating it may be (from day to day, from season 
to season, and over a year), can be met more flexibly, because 
the peak loads on the constituent stations will be staggered 
in time. 

The running of power pools and, even more so, power 
grids or supergrids, each incorporating a large number of 
stations, substations, power transmission lines, and loads, 
is a formidable task. No matter how the load may vary, 
the system frequency and voltage level must be maintained 
at their optimal values. Each pool, grid and, even supergrid 
is run from a control centre operated by a team of dispatchers 
who send out commands to put a generator (or generators) 
on line, or to remove them from service, as the case may 
be, to increase or decrease the generation of active and 
reactive power, etc. 

As is seen, control of a power system reduces essentially 
to the control of the individual synchronous generators 
operating into (or, rather, in parallel with) an electric 
system. Therefore, a major topic in a course on electric 
machines is the behaviour of an individual synchronous 
machine when it is operating in parallel with an electric 
system. 

If a system has a sufficiently large capacity in comparison 
with the machine of interest, the system power can be 
deemed infinitely large and treated as what is known as an 
infinite bus. This implies that, whatever variations in the 
operating conditions of the machine (changes in the arma- 
ture current and output power), the system frequency, f,, 
and the peak value of the system voltage, V;, will remain 
constant, because they will be maintained by the other 
units. By the same token, when f, or V; is controlled via 
the remaining generators, the effect of a given generator 
may safely be neglected. Any change in performance of the 
generator can be assessed from changes in system voltage 
at its terminals. 
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58-2 Bringing in a Generator for Parallel 
Operation 


The connection of a three-phase synchronous generator, G, 
for parallel operation with a system is shown in Fig. 58-2. 
For simplicity, the system is shown to contain one equiva- 
lent 2-pole synchronous generator of an infinitely large 
capacity, G;, supplying a system load and the incoming 
generator is represented by its 2-pole model. 





Fig. 58-2 Connection of a synchronous generator for parallel opera- 
tion with a system containing G, and Load 


Let the positive direction of V, in the generator-system 
loop be from the start A, to the finish X, of its phase. The 
positive direction of the emf and current in the A,-X,-X-A 
loop formed by the like phases of G, and G is chosen to be 


the same as the direction of V; and is shown in the figure 


by an arrow. Then £; (or V) supplied by G will be positive, 
when it is directed from X to A, as shown in Fig. 58-2. 
With the switch (usually a circuit—breaker) Sw open, G 
is running on an open circuit, and the emf existing between 
the phase contacts of the switch is 


AE = E, + Vz (58-1) 


which is a function of E; and of its phase relative to Vs, 
given by the angle & in Fig. 58-3. If, before the generator G 
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is to be put on line, its angular velocity 2 and its field 
current J; are chosen such that 


© = 2nf = Q/p = wo, = 2nf; 


or, in words, the generator frequency is the same as the 
system frequency, and the generator emf E; is equal to the 


\ 


4E 





Fig. 58-3 Exact synchronization 


system voltage V;, the emf across the switch contacts can 
be found from an equation of the form 


AE = 2Y, | cos a/2 | 


As a is varied, AF may take on any values from zero to 
2V, (see Fig. 58-3). 
The conditions most favourable for the generator to be 


put on line are when @ = nx, because then AE =0, E;= 


= —V,, and no transient (or circulating) currents are flow- 
ing in the armature winding. After the generator has been 
put on line, its armature current will remain zero, and the 
generator will keep running on an open circuit (J = 0). 
This manner of putting a generator on line is called exact 
synchronization (for more detail, refer to Chap. 59). 

Now let us see what will happen if we fail to satisfy the 
conditions for exact synchronization 


f= ts, Ey = Vs, E; =e —Vs, a= 1 (58-2) 


with regard to the angle a. 
Neglecting iron saturation and saliency, the armature 


current, I ; ¢an be found by Eq. (55-2) and the equivalent 


328 Part Five. Synchronous Machines 


circuit in Fig. 55-4 re-drawn for parallel operation in Fig. 
58-4. The value of J is limited by X,, the armature inductive 
reactance, and lags behind the resultant emf, AE = E; + 
V,, existing in the generator-system loop, by an angle 
m/2: 

I = AEjX, = (Ey + VeViX1 (58-3) 


The emf, —jX I , induced by this current affects the termi- 
nal voltage, so that instead of H; we have 


_V=E, — jX,f = — Vs (58-4) 


As is seen, I acts to equalize the generator voltage and 
the system voltage, V = V,, and causes the generator volt- 
age to be directed in opposition to the system voltage, 





Fig. 58-4 Production of a synchronizing torque 


A voltage phasor diagram for values of a appreciably larg- 
er than is constructed in Fig. 58-4. The diagram also shows 


the angle 6 between V and BA which is related to the angle 


a, 8 =a -- wand is taken to be positive, if E; leads V. 
At small positive value of 8, that is, when n>> 60 > 0, the 
armature current given by Eq. (58-3) is practically in line 
with £;. Its magnitude is proportional to the angle 0: 


Ey 47 2E; sin 0/2 
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Figure 58-4 shows (by dashed curves) the field set up by 
I. The ineraction of this field with the rotor field current 
I; giving rise to Fy, produces an electromagnetic torque, 
Tem: Which acts on the rotor in opposition to its direction 
of rotation. Because 7.x; is balanced by the friction and 
windage torque and the core loss torque, Tem is left unbalanc- 
ed, and it causes the rotor to slow down 


dQldt = — | Tem |/J 


As a result, the electrical angular velocity of the rotor, 
o = 2p, becomes smaller than w,, and this leads to a de- 
crease in 0, J, and Tem, and to the recovery of open-circuit 
conditions. At 6 <0, the current phase is reversed, the 
torque changes sign, the angular velocity of the rotor goes up, 
and open-circuit conditions are again restored at 0 = 0, 
I=0, and 7,., = 0. Any departure from synchronism 
(@ + @s) likewise leads to a mismatch between the phasors 


E; and V (or V,), the angle 6 is no longer equal to zero, and 
there appears an electromagnetic torque, Tem, which restor- 
es synchronism. This is the reason why it is called the 
synchronizing torque in parallel operation. It keeps the rotor 
in synchronism after the generator has been put on line. As 
will be shown, this torque maintains synchronism in ope- 
ration on load as well. 


58-3 Control of Load on a Synchronous Generator 
Connected to an Infinite Bus 


The operating conditions of a synchronous generator con- 
nected to an infinite bus, that is, a large-capacity system 
for which a constant f,, and a constant V, may be assumed, 
depend on its total power S in comparison with the total 
power, S + S,, of all the paralleled generators supplying 
a common load (8, is the total power of the remaining gene- 
rators in the system). As its per-unit power, S,, = S/(S + 
+ S,), increases, variations in its operating conditions 
have a progressively stronger effect on the system frequency, 
fs, and the system voltage, Vs. 

Connections of a generator to load for two limiting values 
of its per-unit total power are shown in Figs. 58-5 and 58-6. 
‘In Fig. 58-5, the synchronous generator is the only system 
generator (S, = 0), and its per-unit total power is S, = 
S/S = 1. Now, it is in effect supplying an isolated load, 
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Zr = Ry + jX1, so the frequency 
f = pQ/2x 


and the voltage (at a given load impedance) are solely de- 
cided by the power supplied by the prime mover (a turbine), 





Fig: 58-5 Control of a hydro-electric generating unit serving an 
isolated load: — 


HT—hydraulic turbine; G—generator,; Exc—exciter; AR—adjusting 
rheostat in the excitation system; GV—guide vanes of the turbine 


in turn dependent on the opening of the guide vanes, GV, 
and the field current dependent on the setting of the adjust- 
ing rheostat, AR. 

In Fig. 58-6, the generator in question has a power out- 
put which is negligibly small in comparison with the infi- 
nitely large power of the remaining generators in the system. 
Therefore, changes in the operating conditions of the gene- 
rator have no effect on the system frequency, /;, and the sys- 
tem voltage, V,. The angular velocity of its rotor in all forms 
of synchronous operation remains the same: 


= 2nf,/p 


In the circumstances, any change in the settings of the con- 
trols of the turbine and the generator will result in a change 
in the active and reactive power delivered to the system. An 
increase in the opening of the guide vanes, GV, will lead to 
an increase in the prime mover’s torque, 7',,;;, in the active 
power of the synchronous machine, P = T,,; 2, and in the 
active component of armature current, J, = P/3V,. An 
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increase in J; will be accompanied by an increase in the re- 
active component of armature current, /,, and in the reac- 
tive power delivered to the system, Q = 3V,/,. 





Fig. 58-6 Control of load‘on a hydro-electric generating unit operat- 
ing in parallel with an electric system (see the legend to Fig. 58-5) 


In the intermediate cases, where the per-unit total power 
of the generating unit ranges between zero and unity, chang- 
es in the settings of the controls (the guide vanes and the 
adjusting rheostat) will lead to simultaneous changes not 
only in the active and reactive power, but also in f, and V3. 


58-4 Active and Reactive Power of a Synchronous 
Machine Connected to an Infinite Bus 


Let us take a closer look at the factors that affect the active 
and reactive power of a salient-pole synchronous machine 
connected to an infinite bus, that is, as before, a large-capa- 
city system for which constant frequency, f;, and constant 
voltage, V,, may be assumed. 

The two powers are functions of the armature current 
I, and the phase angle between J and the generator voltage, 


r= — Vs, 
P =m,VI cos » 
(58-5) 
Q = m,VI sin 9 


332 Part Five. Synchronous Machines 


In turn, T is a function of I y and the spatial position of the 
rotor relative to V,, defined by the angle 0 between the 


V, phasor and the q-axis. 
In an unsaturated synchronous machine, J is determined 


by ves Vs ih: and the phase angle 0 between them (with 


E; aligned with the negative direction of the g-axis). On 
open circuit, 6 = 0. Under the 
action of an external torque, 
Test, the rotor takes up a 
position, or angle 6, at which 
Tem balances 7 ,,,. Therefore, 
a study into the transients 
associated with parallel ope- 
ration can markedly be simpli- 
fied, if we express the active 
and reactive powers as func- 
tions of V =V,, E;, and 0: 





P =f (V, E;, 8) 

Q =f (V, Ey, 8) 
Fig. 58-7 Active and reactive . . 
powers expressed in terms of To begin with, let us con- 
V, Ey, and 6 sider the active power. Noting 


that p=f—8O™, we can write 
P defined by Eq. (58-5) as a function of 0, Jg and I, as 


P = mVI cos (B — 9) = m,V (Iq cos® + Iysin 8) (58-6) 


Expressions for Jz and J, in terms of V, E; and ® can be 
derived from the phasor diagram drawn in Fig. 58-7 for an 
unsaturated, salient-pole synchronous generator connected 


to an infinite bus (V, = — V = constant). The diagram has 
been plotted for a current lagging behind the voltage by an 
angle n/2. Assuming the positive directions of J, and I, 
along the d- and g-axis, respectively, the projections of V 
on these directions can be written 


Vsin@ = X,J,— Rlg 
V cos 0 = E;—Xala == RI, 
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Solving the above equations simultaneously, we get 
_ VleR+(Xq sin 0—R cos 0)] 


I, XX, +R (58-7) 
V [eXg—(Xq cos 0+RA sin 8)] Z 
i= q ox TH a (58-8) 


where ¢ = E,/V is the excitation ratio. 
Substituting Eq. (58-7) and Eq. (58-8) into Eq. (58-6) 
gives a general expression for active power 


P=P'+ Pp" (58-9) 
where 
P= m,V7e (Xq sin 8+ R cos 8) 
= (XaqXq+ R?) 
»  ™,V2(Xq—Xq) 
P= Taka try 9028 


The component P’ arises when the saturation factor, & 
is nonzero. So it is the power that would additionally be 
delivered to the line at V at a nonzero «. 

The component P" arises from the interaction of an un- 
excited salient-pole rotor with the currents that are produced 
in the armature winding due to V. These currents can be 
found from Eqs. (58-7) and (58-8) at e = 0. So it would be 
developed owing to saliency (Xqg +4 Xq) by a synchronous 
machine connected to a line with V at a given angle 0, 
if it were unexcited (e = 0), because then P’ would be zero. 
In a nonsalient-pole machine, Xz = Xq = X,, and P" is 
nonexistent. 

It is worth while noting that R needs to be accounted for 
only in the design of fractional-hp machines where it plays 
an important role. In large machines, it is legitimate to put 
R = 0, because the armature winding has a negligibly small 
resistance (R< Xq < Xq). Then, 


P=P'H+ P" = Poem = Ten Q (58-10) 
where 


,___m,V%e sin 8 
P areas aaa 


pr = ™Y" (4/Xq—1/Xq) sin 26 
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in a salient-pole machine, and 
__ pr__ _m,V%e sin 0 
P=P sae eal 
in a nonsalient-pole machine. 


Taking Sz as the base quantity, we may re-write the equa- 
tion of active power on a per-unit basis. For example, at 


? 


Poe HAS + TB (1/Xyq—1/X qa) sin 20 


The reactive power defined by Eq. (58-5) can be re-written 
in a similar manner. Since p =f —9, it may likewise be pre- 
sented as a function of 0, Jy and Iq 


Q = m,VI sin (B — 0) = m,V (Ig cos 0 — I, sin 8) 


Then, using Eqs. (58-7) and (58-8), we can write it in a form 
more convenient for a study into parallel operation 


Q= Gee [e (X, cos 8— R sin 0) — X, cos? 0— Xq sin? 0] 
q 
(58-44) 


At R = 0, the components of the reactive power, 
Q=0:40, (58-12) 
can be written in a simpler form, namely 
Qa = Wa + Oa = mq (V cos 8) 
Q'a = (m,E,/X 4) V cos 8 
QQ" =—m, (V cos 8)7/Xq 


where 


and 
Q, = —mI_V sin 8 = —m, (V sin 0)7/X q 
The d-axis reactive power, Q4, is associated with the d-axis 
current 
Iq = (EZ; — V cos 8)/Xq 
and the q-axis voltage, 
Vq = V cos 0 
It is the sum of two terms, namely: 
(1) reactive power 
0”; = m, (—V cos 6/Xz) V cos 8 <0 
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drawn by an unexcited synchronous machine in order to set 
up the d-axis armature field at V,; = V cos 0 and Jay) 
= —V cos 0/Xq which leads V, by 90°; and 
(2) reactive power 
Qa = m, (E,/Xq) Vcos 8 > 0 
generated owing to the excitation supplied by the additional 
d-axis current, Iggy) = E,/Xq, equal to the short-circuit 
current at E; and lagging behind V, (and E,) by 90°. 
The g-axis reactive power, Q,, is drawn by a machine to 
set up the qg-axis field at Vz = Vsin®@ andJ, = —Vsin0/Xq, 
which leads Vg by 90°. 
Qa is positive at a level of excitation such that 
E;— Vcos0>0 
p>0 
and J, is in quadrature lagging with V, = Vcos@. In 
contrast, Q, is negative at a level of excitation such that 


E;— Vcos8<0 


B<0 
and J, is in quadrature leading with V,. 
The q-axis reactive power is negative always. 
On a per-unit basis and at R = 0, the reactive power may 
be written 
Ox VyExs cos (V4 cos6)? (V4, sin 0)? 
x Xa Xd XKxq 


58-5 Electromagnetic Power and Electromagnetic 
Torque of a Synchronous Machine Connected 
fo an Infinite Bus 


In accord with Eq. (56-13), the electromagnetic torque and 
electromagnetic power of a salient-pole sunchronous machine 
may be written each as a sum of two terms 


Tem = er a Lee 
Poem = Tem® = Paz + Pus 
where Pay = QT; and Pog = QT ug. 


As has been explained in Sec. 56-2, 7,,; results from the 
interaction of the armature field with the excitation field, 


(58-13) 
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and 7,, is acting on an unexcited, salient-pole rotor in the 
field set up by the armature current. Using Eqs. (56-13), 
(54-35), (54-37), (58-7) and (58-8), the components P,, 
and P,, can be expressed in terms of Z;, V and 6 as: 


2 
Pay =TyQ=mEjIq = TR [eR+(Xasin 0— Rcos8)] 
(58-14) 


Xq—X 
Paa=Tga2= —myP?Rq = my? —*— sin 2p 
=m; (Xq—Xa) Lal q 


m,V2 (Xq—Xa) ; 
~ Tak ER [eX,—(Xqcos 0+ R sin 8) 
x [eR-+(Xasin 0— R cos 6)] (58-15) 


In the above equations, both P,; and P,, arefunctions of 
the excitation factor, e = £,/V. In investigating parallel 
operation, it is convenient to write the electromagnetic power 
and the electromagnetic torque each as a sum of two 
terms, one of which (Tem or Pem=QTem) depends on e, 
and the other (Tem or Poem = Tem) is independent of e. 
Then, 

Poem = Pay + Paa = Pom + Pon (58-16) 
where 


Pom = QT em = Poae=0) 


V2 (Xg—X 
mV? (Xq 2) (x4 sin 0— Rcos 6) (X, cos @ + F sin 0) 


"(Xa gt ee ye 
(58-17 
Pom = QT em = Pat + Paa — Paate=0) 
yp2 : 
ss Wak RE [(X2Xq+2R2X,—X,R?2) sin 0 


+ R(X_Xq— 2X3 — R?) cos0-+eR(X2—R2)] (58-48) 


In Eq. (58-18), T’= Pem/Q is the electromagnetic torque 
that would be developed owing to saliency by an unexcited 
synchronous machine connected to a system with V = V, 
at a power angle @ corresponding to the excited state. In the 
same equation, Tém is the additional electromagnetic 
torque that would be developed by an excited machine. 
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Where the winding resistance may be neglected, the elec- 
tromagnetic power does not differ from the active power in 
Eq. (58-10), and its components do not differ from those of 
the active power 


Pom = P, Pom = P’, Poem = P" 


58-6 Control of Active Power at Constant V and /;. 
Power Angle Characteristic 


The active power generated by a synchronous machine con- 
nected to an infinite bus is governed by 7,.,;, the external 
torque applied to the machine shaft, and its direction. In 
the steady state (with the ro- 
tor spinning at synchronous 
speed), the external torque is 
always balanced by an equal 
ev Ee 8). torque, Tem 

=f (V, 0), as given by 
Eq. 58-15} or (58-16), so that 


T en — T ext 
and the active power is 
P = Top 


If P or Tem is varied so that 
I; remains constant, then (ne- 
glecting saturation), £; will 
likewise remain constant, and 
of all the quantities governing 
the operating conditions, only 
MBG ope weer amet ena ee Fig. 58-8 Power/angle and 


varsine: torque/angle curves of a salient- 
The plot of P or Tem as a poleeyachronde machine (Va= 
function of the power angle 9 =1.0, Ey, R= 1.77, Xq=1.0, 
for constant V,, fs, andJ;(in Xq = 0.6, PR = cos oR = 0. 8) 
an unsaturated machine, E; 
is constant) is called the power versus power angle or torque 
versus power angle characteristic or curve of a synchronous 
machine. 
The active power versus power-angle characteristic of a 
synchronous machine (with R = 0 and neglecting saturation) 
appears in Fig. 58-8. When drawn to a different scale, it is 


22—0240 





Fina ( Tem, max) 
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at the same time the torque versus power angle characteris- 
tic (an electromagnetic torque is meant). The characteristic 
is constructed, using Eq. (58-10), in which one of the compo- 
nents with a peak value 


' = (m,VE;/X q) = constant 


is proportional to sin 8, and the other, with a peak value 
P" = (m,V?/2) (1/Xq — 1/Xq) = constant 


is proportional to sin 28. The second component exists only 
in a salient-pole machine, when Xz Xq. The first com- 
ponent exists only in an excited machine, when EL; 0. 
In a salient-pole machine, the first component gains in im- 
portance with an increase in the ratio of its peak value to 
the peak value of the second component: 


aE 


The total active power is the sum of the above two compo- 
nents: 
P = P’ sin 0 + P"sin 20 (58-20) 


On taking the derivative with respect to @ and equating it 
to zero, 


dP/d8 = P’ cos 8 + 2P” cos 20 = 0 
we can see that the power takes on an extremal value when 


V n?+32—n io (58-21) 


Omax = 4 arccos ———,——_ 
where n is as defined by Eq. aN 

Al O0max >> 0, the power is a positive maximum, Pia, > 
> 0. At Omax <0, it is a negative maximum, Py, < 0 
In the former case, the machine is delivering active power 
to the system. In the latter, it is absorbing active power from 
the system. 

The maximum power that a synchronous machine can de- 
liver to, or absorb from, the system before it drops out of 
synchronism is called the pull-out power. 

The pull-out power of a synchronous machine is given by 


Prax = P’ sin Omax + P” sin 20max 
= P' sin Onax (1 + 2n cos max) (58-22) 
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For a nonsalient-pole machine, n = co, cos 0 max = 0, 
Omax = 0/2, sin OQnay = 1, and 


Pax = P’ = mE,V/Xq (58-23) 


In a salient-pole machine at I;,n, the pull-out power is a 
few per cent higher than P’. 

It follows from Eq. (58-23) that Pmay increases with an 
increase in J; and with a decrease in Xq (see Sec. 54-5). 
Therefore, in designing a synchronous machine, its dimen- 
sions are chosen such that the pull-out power is substantial- 
ly higher than the rated active power 


Pg = SR cos QR = MVR (cos MR) IR 
so that the generator could, if and when necessary, to 
operate on an overload. 
The ratio of the pull-out power at rated terminal voltage 
and rated field current to the rated power gives what we 


shall call the steady-state power stability ratio (that is, one 
for a slowly rising external torque) 


Ksspo = Pmax,R IPR 
It can be found (exactly for a nonsalient-pole generator and 
approximately for a salient-pole generator) by the equation 
sspe aa Pmax,R IPR = PR /PR 
= Ey; /Xxq COS QR (58-24) 


where Ey;.R = E;,3 /VpR and Xyq are in per-unit. 

Under a relevant USSR standard, the steady-state power 
stability ratio for turbogenerators is set at 1.7 as a minimum. 

As with maximum power, the maximum torque that a 
synchronous machine can develop before it drops out of 
synchronism is called the pull-out torque. 

The pull-out torque of a synchronous machine is propor- 
tional to the pull-out power 


Tem,max = ME V/IQX g = Prygx/Q (58-25) 
At rated excitation, the pull-out torque is 
Tmax,.R = VR ER /QXq (58-26) 


For synchronous motors, it is convenient to use the con- 
cept of the torque stability ratio (identical to the steady-state 
22% 
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power stability ratio) 
T' em,max,R /T em,R = Prax,p/PR 
= Ey;,n/Xyq 03 OR 


Under a relevant USSR standard, the torque stability ratio 
for synchronous motors at a power factor of 0.9 must be at 
least 1.65. 


58-7 _— Stability in Parallel Operation 


The power angle @ (also called as the torque angle or the 
displacement angle) is solely a function of T.,;, the exter- 
ual torque (see Fig. 58-8). 





Fig. 58-9 Conditions for stability in parallel operation 


As is seen from Fig. 58-9, the external torque may be ba- 
lanced by the electromagnetic torque, Tem, at two values of 
6, namely @, and 0,, which correspond to the intersections of 
the constant T,,; line with the torque-vs-power angle chara- 
cteristic, T's, = f (8), within one cycle of change (in the 
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range — 1 <(.0< 2). In Fig. 58-9, only the part of the 
characteristic corresponding to the generator mode of opera- 
tion is shown. 

At first glance, it may appear that the conditions at points 
1 and 2 are identical. However, although 7,, and P = 
= T.m2 = m,VI cos g are the same in either case, there is 
a lot of difference in other respects. Because 0 at points / 
and 2 takes on different values (see Fig. 58-9), the armature 
current J at those points wil] have a different magnitude 
and a different phase angle, but its projections on J cos g 
will be the same. What is more important is that the depar- 
ture of 0 from its value at points 7 and 2 produces opposite 
effects. An increase in 8, by AO results in an increase in the 
electromagnetic torque, whereas an increase in 0, by AO re- 
sults in a decrease in the electromagnetic torque. Also, an 
increase in 0, leads to an increase, whereas an increase in 
@,, to a decrease in the active component of current. At 
0, and 0,, the emf #; and the current J are shown by dashed 
lines; at the angles 6 + AQ, by full lines. 

Because of the above differences, the operation at point 
1 is stable, because the machine is capable of going back to 
a stable running (that is, in synchronism with the system) 
in spite of chance departures in the associated operating va- 
riables. In contrast, the operation at point 2 is unstable, 
because the machine is no longer capable of counteracting the 
departures in its operating variables. 

Let us demonstrate that the operation at point 7 is stable. 
Suppose that some chance factors have caused 0, to increase 
by AO, whereas 7,,1, V, fs, and J; have all remained unchang- 
ed. Then the electromagnetic torque will be Tem + ATem, 
where 


ATem = (OT em/00) AO 
is the positive change in the electromagnetic torque, AT. > 
> 0. Obviously, this upsets the balance of torques that exist- 


ed in the steady state and, as follows from the equation of 
motion for the rotor, 


Text —— (Tom ae AT em) = JdQ/dt 
— AT em = JdQ/dt (58-27) 


the excess torque, AT.m, which acts against the direction 
of rotation, gives rise to a negative acceleration, or decele- 
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ration, given by 
dQ/dé = — AT an/J 


As aresult, the angular velocity of the rotor decreases 
t 


Q=2,4 \ (dQ/dt) dt <Q, 
0 


The angular velocity of the rotor, with E; acting along its 
q-axis, will likewise decrease, so that 


o< 0, 
Because V = — V, rotates at @,, a decrease in the an- 


gular velocity of Z; leads toa gradual decrease in 8 = 0, + 
A®, until 8 becomes again equal to 0, and the machine 
settles to the previous synchronous condition at point 7 
(a plot of 8 as a function of time is shown in Fig. 58-9). 

Should 6,, by some chance, decrease by A@, then AT.» 
will be negative and, in accord with Eq. (58-27), dQ/dé 
will be positive. This implies that the angular velocity of 


the rotor in the model and £; will increase, and the angle 
6 = 0, — AO will keep rising until it is again equal to 0. 
Thus, the operation at point 7 and at all other points on the 
torque-vs-power angle characteristic in the range 0 <0< 
<0 max Will be stable. 

In contrast, the operation at point 2 and at all other points 
on the torque versus-power angle curve in the range Onax < 
<0< 2 will be unstable. This can be demonstrated by 
considering the behaviour of the generator when, by some 
chance factor, 0, is incremented by AQ. Then, 


AT em = (9T em/00) AB <0 


because OT e,/00 <0, and, in accord with Eq. (58-27), 
dQ/dt > 0. This implies that the angular velocity of the ro- 


tor in the model and £; will rise, and the angle 0 = 0, + 
+ AO6 will keep rising and departing from the original angle 
8, more and more. Graphically, this is shown as a plot of 
6 versus time in Fig. 58-9. 

As follows from the above analysis, the operation of the 
machine is stable if at A@ > 0 the rotor slows down, that is, 
dQ/dt <.0, and if at A@ < 0, the rotor picks up speed, that 
is, dQ/dt > 0, 
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On expressing in Eq. (58-27) the change in electromagnetic 
torque, AT .m, in terms of the chance change in power angle, 
A6, 

dQ/dé = — AT em/J = (OT em/08) AO/T 


we can see that dQ/dt and AO take opposite signs, and the 
operation is stable at those points on the torque-versus-po- 
wer-angle characteristic where the partial derivative of 
torque with respect to power angle is positive, 


t, = OT en/00 > 0 


Conversely, the operation will be unstable at those points 
where 
ts = OT em/08 <0 


The partial derivative of electromagnetic torque with respect 
to power angle for constant V,;, ws, and J; or E; is called the 
specific synchronizing torque. 

Referring to Eq. (58-10) and taking the partial derivative 
with respect to 8, we find that the specific synchronizing 
torque is given by 

ts = OT om/08 = 0 P/Q 00 

m,VE; 


=x, 0s 0+ m,V?2 (1/X,—1/Xq) cos 20 
(58-28) 
‘The corresponding specific synchronizing power is given by 
Ps = OP/00 = Qt, (58-29) 


A plot of t, as a function of 6 for the generator mode of 
operation appears in Fig. 58-9. As is seen, at 0 << 0 < Omax 
t, >> 0, and the operation is stable. In contrast, at O@max < 
<0<n, t; <0, and the operation is unstable. Sustained 
operation in the generator mode can only take place be- 
tween 0 = 0 and @ = Oy,,. The higher the synchronizing 
torque, the more stable is the operation, and it is increasing- 
ly more difficult for the machine to slip out of synchronism 
with the system (or bus) voltage. The best stability exists 
when the machine is floating on line, that is, neither deli- 
vers nor absorbs power; then f, = ts, max- AS the electromag- 
netic torque or active power increases, the synchronizing 
torque decreases. At Tem = Tem.max and P = Pyag, the syn- 
chronizing torque is zero, and the machine is no longer cap- 
able to go back to stable operation of its own accord. 
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The torque-versus-power angle characteristic of a synchro- 
nous machine is a periodic curve in which we can isolate 
stable regions (t; >> 0) and unstable regions (¢; < 0) for 
operation as a generator or a motor (Fig. 58-10). The period 
of the curve, 9 = 2x, corresponds to the rotation of the rotor 
in space (relative to the stator voltage) by an angle 2n/p. 





Fig. 58-10 Regions of stable operation on the torque/angle character- 
istic 


The operation in the generator mode is stable at 0 < 0 
< 6Omax, and also at 6 -- 2nk, where & is an integer. The 
operation in the motor mode is stable at—O0n,, < 9 <0, 
and also at 0 + 2nk. 

As we have seen, sustained operation in the unstable re- 
gion of the characteristic (say, at point 2) is impossible. Even 
a slight, inadvertent change in 0 will cause it to decrease pro- 
gressively until (as the rotor slows down) the machine moves 
in the stable region at point 7. Conversely, a chance increase 
in 8 at point 2 will cause it to rise until (as the rotor picks 
up speed) the machine moves in the stable region at point 3. 
As is seen, 0, differs from 0, by 2x which corresponds to the 
rotation of the rotor relative to the stator voltage by 2n/p 
(or by two poles, see Fig. 58-10). 

The active power of a synchronous machine can be control- 
led by varying T.,,. At Tex, = 0, the machine is operating 
at no load, 8 = 0, and 7, =f (6) = 0. An increase in 
Text in the direction of rotation of the rotor upsets the ba- 
dance of torques (Text # Tem), So that an acceleration is 
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produced in accord with Eq. (58-27), the angular velocity of 
the rotor exceeds the synchronous angular velocity, LE; 


begins to rotate faster than V, the power angle 0 begins to 
grow and keeps doing so until a synchronous operation in 
the generator mode is again obtained at an angle 0 >0 
such that Tem = f (0) in Fig. 58-8 becomes equal to Tex. 
When 7.x, is negative, an angle 8 < 0 is finally reached 
where Toy; = Tem, and the machine goes motoring. Thus, 
control of active power at constant V,, f, and J; (or E;) 
is accompanied by a change in the power angle, 0. 


58-8 Reactive Power-© Characteristic 

of a Synchronous Machine 
This refers to a plot of Q as a function of 6, with V;, f, 
and J; (or, in an unsaturated machine, E;) held constant, 
that is under the same conditions as are assumed in plotting 
the active power-vs-power 
angle characteristic. 

An example of the reactive 
power-vs-power angle charac- 
teristic is shown in Fig. 58-41. 
It spans the region of stable pa- 
rallel operation (that is in syn- 
chronism with the system volt- 
age). Apart from the total 
reactive power, Q, it shows its 
components, Q’,, 0", and Q,, 
explained earlier. 

The power angle 0 is a func- 
tion of T.,,. Considering to- 
gether the curves in Fig. 58-8 
and Fig. 58-11, we can see how 
the reactive power changes 
wine the active power is 
changed. : ; 

At no load (with the ma- (iE ee ee ee mous ma 
chine floating on line),@=0, chine (Va = 1.0, Ey. R = 1.77, 
and the reactive power isa X, = 1.0, X,=06, PR= 
maximum, Qmax (in Figs. 58-8 ¢0S Pp = 0.8) 
and 58-11, the field current 
and voltage are at their rated values), 

Qco=0) = Oma = 05+ V+ Qy = EG”) 
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When £; > V, Qmax > 0, and reactive power is delivered 
to the system. When E; < V, reactive power is drawn from 
the system. When J; = J;,n or FE; = Ej; and the voltage 
is at its rated value, E;.R > Vp, and the maximum reac- 
tive power is always positive: 


Vr(Ey, R—V 
Ong ue R) 9 
Or, in per-unit, as in Fig. 58-41, 


Q4max = Qmax/Sp a Vest Es) 
#d 

When 7.,; >> 0, the machine is delivering active power 
to the system. When 7,,; <0, it is absorbing active power 
from the system. Positive values of P correspond to positive 
values of 0; negative values of P correspond to negative va- 
lues of 8. As is seen from Figs. 58-8 and 58-11, an increase 
in active load and @ leads to a decrease in reactive power. 
This decrease solely depends on the absolute value of active 
power and @ and is the same in both the generator and motor 
modes of operation: 


Q (8) = Q(—8), P (8) =—P (—8) 


Under rated operating conditions, when P = Pr , cosp 
= COS QR (= 0.8) and 0 = Op, the machine delivers rated 
reactive power, QR = singp = 0.6. At 6,(—4,), the 
reactive power is zero. As active power keeps rising (in ab- 
solute value), the reactive power becomes negative, that is, 
the machine absorbs it from the system. 


58-9 Control of Reactive Power in Parallel Operation. 
“V"" Curves 


At constant active power reactive power, Q, can be control- 
led by varying J;. To obtain more reactive power at a con- 
stant system (or bus) voltage, the field current must be rais- 
ed; to reduce the amount of reactive power, J; must be 
brought down. As a proof, consider what happens when the 
field current is, say, reduced. 

Suppose that initially the machine is operating as a gene- 
rator at point 7 on the power angle curve, with Tem = Text, 
I; =I, and 0 = 0, (Fig. 58-12). When J,, is reduced to 
Tg, and Ey, to E;3, the torque-versus-power angle and reac- 
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tive power-versus-power angle curves become different, 
but 9 retains its original value for some time owing to the 
inertia of the rotor. The electromagnetic torque acting on the 
rotor goes down by AT ep to its value at point 2 on the power- 
angle curve at J; = I+3. Now the rotor is subjected to an un- 
balanced torque 


| ATem | = Text —[Tem— | ATen |] 
which accelerates the rotor, so that its angular speed, o, 


exceeds @,, which is the velocity of the V phasor, and the 
power angle begins to increase until, augmented by A0, 





Fig. 58-12 Onset of new operating conditions upon a decrease in 
field current (at a constant external torque) 


it takes on the value 0, such that the electromagnetic torque 
and the applied torque strike a balance again, Tem = Text 
(a plot of 8 as a function of time appears in the same figure). 
The reactive power at point 3 on the power/angle curve at 
8 = 0, + A® = 0, > 80, and at Ty; < J; will always be 
smaller than it is at point 7 with 6 = 6, and J; = J;,. As 
is seen from Fig. 58-12, the reactive power versus power 
angle characteristic at I;3<J;, runs below the characteristic 
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When Q is controlled by varying J; and/or E;, with V, 
and 7',,;; held constant, the active component of current cor- 
responding to a given torque remains unchanged 


I, =I cos go = PlmV = Tem2/m,V = constant 
and the armature current 
i=i,+1, 
changes only owing to the change in its reactive component 
I, = I sin 9 = Q/m,V = variable 


The plots of armature current as a function of I; for con- 
stant power and for constant system (bus) voltage V, are 
called the “V”-curves of the ma- 
chine. A family of “V’-curves 
for several levels of active po- 
wer (P = 0, 0.4 and 0.8) appear 
in Fig. 58-43. 

“V”-curves are constructed 
by means of phasor/vector dia- 
grams with allowance for sa- 
turation. Figure 58-14 shows 
the phasor/vector diagrams 
used in constructing the “V”- 
Fig. 58-43 “V"-curves of asyn- curve of the nonsalient-pole 
chronous machine (Xg = Xg= machine in Fig. 58-13 for Pr 

1.2, Xq=0.2,cos@R=08)  =cos Pr=0.8 per unit. Detail- 
ed steps are shown for point 2 
on the curve where J, = IgR, = coS QR = 0.8, I,= Igr, 
= sin @g = 0.6. At other points on the curve (J, 3, 4, 2’, 
and 3’), the active component of current remains unchanged, 
I, =Iq,n- The reactive component is allowed to take on 
several values, namely a value of zero at point J; at points 
2,9 and 4 it is lagging behind V and assumed to be positive, 
I, =I sin p > 0; at points 2’ and 3’ it is leading V, and 
is assumed to be negative, J, = J sin p <0. The locus of 
armature current on the complex plane is the armature cur- 
rent line which is at right angles to the voltage line. 

From the construction thus obtained, we can readily find 
Fy», and I; = F;,,/w; corresponding to the armature current 
existing at the points of interest. The positions that the tip 


of the Fig. vector takes up on the locus are labelled by appro- 
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priate numerals. Between points 3’ and 2, where the magne- 
tic circuit is not saturated, the locus of F;,, is a straight line. 
As the magnetic circuit saturates (between points 2 and 4), 
the locus progressively departs from a straight line. 

The “V”-curves for P = 0.4 and P = 0 are constructed in 
a similar manner, with J, = 0.4 and J, = 0 (in per unit). 





Fig. 58-14 Construction of a “V"-curve (Xg=X, = 1.2, X, = 0.2, 
cos PR = 0.8) 


The minimum value of current on the “V”-curve (at point 7) 
occurs at a field current (cos g = 1) such that J, = 0 and 
there is only the active component remaining, J, = 
Icos p=TI, cosg=1. 

The curve connecting the minima of the curves for various 
power levels is called the compounding curve (curve MN in 
Fig. 58-13). Observe that minimum current always corres- 
ponds to unity power factor, cos g = 1. At points on the 
“V”-curves lying to the right of the minima (say, points 2, 3, 
and 4), the machine is overexcited as compared with the con- 
ditions existing at point 7 where J = J,. Its field current is 
I; > Ipcospai), and, as is seen from Fig. 58-14, its reactive 
current is positive, J, > 0, that is, it is lagging behind the 
voltage. Conversely, at points lying to the left of the minima 
(say, at points 2’ and 3’), the machine is underexcited. Its 
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field current is Jy < Ijcosp=1), and its reactive current is ne- 
gative, J, <0, that is, it is leading the voltage. 

At overexcitation, the system acts as an inductive load 
for the machine (the reactive current in the armature bucks 
the excitation field). At underexcitation, the system acts as 
a capacitive load for the machine (the reactive current in 
the armature boosts the excitation field). If we look at the 
things the other way around, relative to the system with 
V, = —V which is in antiphase with the machine voltage, 
an overexcited machine acts as a capacitive load delivering 
reactive power, whereas an underexcited machine acts as 
an inductive Joad which absorbs reactive power (see Fig. 
08-13). 

A decrease in excitation leads to a decrease in the steady- 
state stability limit which for a nonsalient-pole machine is 
given by Pmay = m,E;V/Xq. The underexcitation region is 
bounded by line AB to the left of which a synchronous ma- 
chine is unstable. On line AB (say, at point 3’), Pmax be- 
comes equal to the constant P level for which a given “V”- 
curve has been constructed. 

For the motor mode of operation, “V”-curves are plotted 
in a similar manner, except that the active component of 
current is drawn in the opposite direction from the voltage, 
I,g<0. 


58-10 Synchronous Mofors 


Any synchronous machine is reversible —it can be operated 
as a generator and a motor. Nearly always, however, the 
makers slate their machines for one particular mode of ope- 
ration only, and the nameplate gives the particulars (ra- 
ted torque, efficiency, etc.) for that duty. 

A synchronous machine intended for operation in both 
modes is called a reversible synchronous machine. Such ma- 
chines are employed at pumped-storage hydro-electric stations 
usually built to equalize the load on fuel-fired stations. 
A pumped-storage station has two water reservoirs, upper 
and lower. At peak load, water is allowed to flow from the 
upper to the lower reservoir, and the reversible synchronous 
machines driven by hydraulic (or water-wheel) turbines are 
running as generators. When the load on the system is low, 
the synchronous machines are operating as motors driving 


Ch. 58 Parallel Operation 354 


the pumps which transfer water from the lower to the upper 
reservoir. 

Three-phase synchronous motors in the Soviet Union come 
in ratings from 20 kW to several tens of megawatts. At speeds 
from 100 to 1000 rpm, mo- 
tors usually have a salient- 
pole rotor. At higher speeds 
(1 500 and 3 000 rpm), the rotor 
is of nonsalient-pole construc- 
tion. Depending on their rat- 
ings, synchronous motors can 
be built for voltages from 220 
V to 10 kV. The rotational 
speed of a synchronous motor 
depends on the supply-line fre- 
quency andis independent of 
the load applied to the motor 
shaft. 

Given the same power rating 
and rpm, synchronous motors 
are identical in construction to 
synchronous generators. The 
only exception is the design 
of their damper (starting) 4 tg 
windings with which synchro- 
nous motors can be started as Fig. 58-15 Voltage phasor dia- 
induction units where neces- gram of a salient-pole synchro- 
sary. nous machine operating as a 

The electromagnetic proces- motor (neglecting saturation) 
ses occurring in synchronous 
motors are described by the same equations, phasor and vec- 
tor diagrams as in synchronous generators (see Chap. 59). 
As an example, Fig. 58-15 shows the phasor and vector dia- 
gram of an overexcited, salient-pole synchronous motor (ne- 
glecting saturation). It differs from the phasor and vector 
diagram of a synchronous generator (see Fig. 55-2) only in 
that the active component of armature current is drawn in 


the opposite direction from Vz and is in line with Vs Sealy, 
As in an overexcited generator, J, lags behind V by x/2 


and leads V~ by 1/2. 
The torque, active and reactive power of a synchronous 
motor are calculated by the equations derived for a synchro- 
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nous machine connected to an infinite bus (see Chap. 58). 
At constant excitation, variations in the above quantities 
with changes in the power angle are assessed from the power- 
angle curves for active and reactive power (see Figs. 58-8 
and 58-11), which also cover the region of motor operation 
(—®max < 6 <0). The effect of field current on reactive 
power in the motor mode of operation can be judged from 
the “V”-curves plotted for the 
motor mode of operation. They 
are in effect exact copies of the 
“V”-curves for a generator (see 
Fig. 58-13). 

The operating characteris- 
tics of asynchronous motor for 
constant field current chosen 
so that on open circuit the 
power factor is unity are shown 
in Fig. 58-16. As the load is 
increased, the power factor 
falls off, and the current be- 
comes lagging. If the field cur- 
Fig. 58-16 Operating characte- rent is chosen so that the mo- 
Beis OFM eymenroneys motos tor has the rated power factor at 

rated load and leading current, 
then a reduction in load will cause it to deliver to the line 
still more reactive power than at rated load (cos g < cos@R). 
Conversely, as the load increases, the power factor first in- 
creases owing to a decrease in the leading reactive current, 
then becomes equal to unity, and finally drops again owing 
to the appearance of a lagging reactive current. 

Automatic control of voltage as a function of armature 
current can produce any desired reactive power or power fac- 
tor. 

Synchronous motors are either direct rotating-machine 
excitation systems (d.c. exciters) or self-excitation systems 
incorporating static rectifiers (a.c. exciters with static re- 
ctification), described in detail in Chap. 52. 

Synchronous motors can be started as induction motors 
(see Sec. 59-4) by means of a short-circuited damper (or 
starting) winding embedded in the pole-face slots. 

In nonsalient-pole synchronous motors with a solid rotor 
and in salient-pole synchronous motors with solid poles, 
induction-motor action at starting occurs due to the interac- 
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tion of the eddy currents in the solid iron parts with the 
rotating magnetic field. 

The performance of a synchronous motor started as an 
induction motor can be stated in terms of the starting torque, 
T;, at s = 1, and the pull-in torque which is defined as the 
torque at s= 0.05 and designated as 7).5;. Sometimes, 
these torques and current are given as fractions of the rated 
torque and current in synchronous running (see below). 

As has been noted in Sec. 37-2, the principal dimensions, 
weight and cost of a synchronous motor depend on its total 
(or apparent) power 


SR = Pr/qR 60s OR 


and increase with decreasing power factor. As is seen from 
Table 58-1, a synchronous motor operating at. unity power 
factor is by a mere 17% more expensive than a comparable 
squirrel-cage induction motor, whereas at cos o = 0.8, 
it is 44% more expensive. On the other hand, a synchronous 
motor operating at unity power factor does not generate re- 
active power, that with cos g = 0.8 leading does generate 
a sizeable amount of reactive power equal to about 75% 
of the active power. Unfortunately, at cos g = 0.8, the ef- 
ficiency is lower. Synchronous motors capable of supplying 
reactive power make it possible to reduce the reactive power 
of unit synchronous generators (those installed at electric 
stations) and of synchronous condensers. 


Table 58-1 Comparison of Synchronous and Induction Motors, 
1000 kW, 1000 rpm 











Motor type elt power al cmc nee 
Synchronous 1.0 96.4 1417 
0.8 leading 95.3 144 
0.6 leading 93.7 166 
Phase-wound, induction 0.9 lagging 94.9 127 


Squirrel-cage, induction 0.9 lagging 95.4 400 


The choice of power factor for synchronous generators and 
motors is a multifaceted optimization problem in which the 
objective is to minimize the manufacturing cost of the ma- 
chines and the operating cost of the system. Because the ef- 
ficiency increases with the size of a machine, it is advant- 


23—0240 
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ageous to obtain the bulk of reactive power from large syn- 
chronous generators, and the remainder from synchronous mo- 
tors having relatively lower ratings. Synchronous generators 
are usually designed for operation at cos p = 0.8, and syn- 
chronous motors, at cos g = 0.9 (at overexcitation). 

Whereas they are superior to induction motors in that they 
can deliver reactive power to the system, synchronous mo- 
tors are inferior in some other respects. For one thing, they 
are more elaborate in design, especially as compared with 
squirrel-cage induction motors. For another, they are more 
expensive, mainly because they need excitation systems for 
their operation. Also, synchronous motors need skilled at- 
tendance and are less reliable in service. The decision on 
which of the two varieties of motor is preferable is made in 
each particular case from a comparison of the likely alterna- 
tives in terms of manufacturing and operating costs. 

At ratings over 100-200 kW, synchronous motors are more 
attractive than induction units. At lower ratings, they are 
used more seldom, and then mainly in cases where it is im- 
portant to maintain their speed at a constant value close to 
synchronous. 

A special variety of synchronous motors (rated at not over 
2 kW), known as reluctance-torque (or simply, reluctance) mo- 
tors have no field winding and are excited by reactive current 
drawn from the line. Still smaller synchronous motors draw 
their excitation from permanent magnets (see Sec. 63-6). 

Still another variety of synchronous motors are synchronous 
induction (or auto-synchronous) motors, similar to induction 
motors with a wound rotor. From the latter, they differ in 
that they have a larger air gap and a larger three-phase se- 
condary winding. At starting, the rotor winding of a synchro- 
nous induction motor is closed through a starting rheostat, 
then d.c. is applied to its field structure from an exciter or 
a rectifier, and the rotor pulls into synchronism. There- 
after, it isrunning as a synchronous motor with its power- 
factor control features. 

Synchronous induction motors have about the same start- 
ing performance as comparable wound-rotor induction mo- 
tors. They are intended for use where a constant rpm is es- 
sential and the starting requirements are heavy and call for 
a high power factor (large compressors, pumps, and the like). 
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58-11 Synchronous Condensers 


Synchronous condensers (also called synchronous compensators 
or synchronous capacitors) are synchronous machines intended 
to supply reactive power. 

At fuel-fired and hydro-electric stations, this function is 
performed by synchronous generators. Synchronous conden- 
sers are connected across power transmission lines at the re- 
ceiving ends, that is, at load points (Fig. 58-17), so the rea- 
ctive power they supply need not be transmitted over long 





Fig. 58-17 Connection of synchronous condensers in an electric 
system: 

SC—synchronous condenser; G—unit (station) generator; TZL—power 
transmission line 


distances. Owing to reduced energy losses in transmissioni li- 
nes and at interventing transformer substations, the reactive 
power supplied by synchronous condensers is markedly less 
expensive than when it comes from synchronous generators. 

The money put into the installation and running of synchro- 
nous condensers is well spent, if their output accounts for 
20 to 30% of the total power handled by a given transmis- 
sion line. Then, the synchronous generators set up at sta- 
tions need to supply only 60% of the total line power, and 
also active power accounting for 80% of the total. With an 
output breakdown like that, the total power that the genera- 
tors are called upon to supply exceeds their active power by 
a mere 25%. Therefore, the need to generate both active and 
reactive power does not lead to a prohibitive increase in 
their size, weight and cost. (This also goes for the transmis- 
sion line, transformers and other equipment at the interven- 
ing substations linking the generators to their loads.) 

The reactive power generated by a synchronous condenser 
connected to an infinite system is a function of its field cur- 


23% 
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rent, J;. An overexcited synchronous condenser, that is 
one with I; >TJ;,oc (or Ey => Vs), is operating with J, 
leading V,, and delivers reactive power to the system, 


Q= VI,>0 


An underexcited synchronous condenser, that is, one with 
I; <I;,c (or Ey < Vs), is operating with J, lagging behind 
V, (Fig. 58-18) and is absorb- 
ing reactive power from the 
system, 


Q = VI,<0 


The rated conditions are as- 
sumed to be those when a syn- 
chronous condenser is deliver- 
ing its rated power at overex- 
citation and is absorbing from 
the system a small amount of 
active power needed to sustain 
the losses in the machine (core 
Fig. 58-18 Voltage phasor dia- loss, copper loss, and friction 
grams of a synchronous con- and windage loss). Therefore, 
denser at underexcitation(Z;< the armature current of a syn- 
& Vs) 7 a overexcitation ¢hronous condenser contains 

pens both a reactive component, 

Z,, and an active component, 
Z,, which is in phase with the system voltage, V;. However, 
the active component is so small that the total armature 
current does not practically differ from the reactive compo- 
nent, 





1=Vii+pexl, 


In Fig. 58-18, the active component is not even shown as be- 
ing very small. 

As follows from the foregoing, a synchronous condenser 
connected to an infinite system operates as a synchronous 
motor on no load, that is, with a zero external torque, 
Text =0 

The operating costs of a synchronous condenser are directly 
proportional to its total active power loss, XP. In present- 
day large synchronous condensers, the per-unit total active 
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power loss (with Sp = Qpr taken as the base quantity) does 
not exceed 0.013 to 0.016 with hydrogen cooling, and 0.02- 
0.24 with air cooling. 

Synchronous condensers come in units rated from 10 to 
460 mVA at 6.6-15.75 kV, usually with a horizontal shaft. 
The choice of speed is a matter of engineering and economic 
consideration. As Soviet experience shows, for large synchro- 
nous condensers used in electrical systems, the optimal speed 
at 50 Hz is anywhere between 750 and 1 000rpm. Although 
the size and weight of two-pole, 3 000-rpm synchronous 
condensers are minimal, their cost is by 20% to 25% higher 
because their nonsalient-pole rotors are far more expensive 
to manufacture. Also, at 3 000 rpm there is an appreciable 
increase in the friction and windage loss, and this leads to an 
increase in operating costs. 

As a rule, synchronous condensers are started as induction 
motors (see Sec. 59-4). Since there is no load torque acting 
on the shaft, synchronous condensers are relatively easier 
to start than loaded synchronous motors. 

The shaft of a synchronous condenser need not to transfer 
any torque, so it is designed only to resist bending due to 
the self-weight of the rotor and the forces of magnetic attrac- 
tion (see Sec. 34-3). Given the same total power, the shaft 
of a synchronous condenser may be smaller in diameter than 
the shaft of a synchronous generator or motor. This leads to 
a reduction in the bearing and overall size of condensers. 
The shaft of a synchronous condenser is not carried outside, 
and its casing is relatively easy to seal. This was the reason 
why hydrogen cooling was first applied to synchronous con- 
densers, first at a pressure of 0.05 x 10° Pa (gauge), later at 
1 X 10° to 2 x 10° Pa (gauge). Owing to hydrogen cooling, 
electric loading has been raised to an impressive level: from 
580 x 10% to 620 x 10* A m-? with indirect air cooling, to 
800 x 10% to 1000 x 10% A/m with indirect hydrogen cool- 
ing. 

The electromagnetic processes in synchronous condensers 
are described by the same equations and diagrams as in syn- 
chronous generators (see Chap. 55). Notably, this applies 
to the diagrams of a synchronous condenser plotted in 
Fig. 58-48, neglecting saturation. The synchronous condenser 
is connected to the system with V, via a transformer as shown 
in Fig. 58-17. In the diagram, V, is referred to the transformer 
Winding connected to the synchronous condenser. 
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The inductive reactance is the sum of the inductive react- 
ance of the synchronous condenser and that of the transformer 


Xsc = Xr + Xq 


where X77 is the short-circuit reactance of the transformer, 
and Xq is total d-axis armature inductive reactance of the 
synchronous condenser. 

The most important characteristic of a synchronous con- 
denser is its “V”-curve, J =f (I;), plotted for constant 
V,. It does not differ from the “V”-curve of a synchronous ge- 
nerator plotted for P = 0. For a synchronous condenser, it 
is useful to construct a family of “V’-curves at several system 
voltage levels (V; = VR = constant, V; = 0.95VR , Vs = 
1.05Vpz, and so on). From such a family of V-curves, one 
can readily form an idea about the response of the synchro- 
nous condenser to changes in V at constant J;: as V goesdown, 
more reactive power is delivered to the system, and vice 
versa. In fact, a synchronous condenser operates as a 
voltage regulator. In automatic voltage control, the perfor- 
mance of a synchronous condenser as a voltage regulator im- 
proves still more. 

In choosing the parameters of a synchronous condenser, 
one need not strive for a high steady-state power capability 
(see Sec. 58-7), as for synchronous generators or motors. The 
fact is that a synchronous condenser operates at active power 
and power angle equal to zero very nearly, P ~ 0, and 
6 ~ 0. Hence, the d-axis armature inductive reactance is 
chosen so as to supply the required reactive power at under- 
excitation. At J; = 0, the reactive power a synchronous 
condenser absorbs from the system is 


QO = Q/SR = 1/X xa 


Hence, its per-unit induction reactance is Xyq = 1/Q. 
As a rule, the desired Q, is set at 0.4 to 0.6, so Xq must be 
2.5 to 1.65. , 


59 Synchronization Methods 
59-1 Exact Synchronization 


In order to connect any synchronous machine in parallel 
with another machine or a system, it must be synchronized, 
that is, the speed of its rotor must be brought up to synchro- 
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nous, the field current must be chosen such that E; corres- 
ponds to V;, and the machine must be connected in such a 
way that, immediately following closure of the switch, it 
will be floating on the line, with 6 = 0. 

The simplest method is exact synchronization described 
in brief in Sec. 58-2. It is equally applicable to any synchro- 
nous generator driven by a prime mover, and also to synchro- 
nous motors and condensers if they are fitted with an auxilia- 
ry motor which can acce- 


lerate them to the synch- V; 

ronous speed. ? ; ? 
The procedure in exact 

synchronization is as follows A 

(see Fig. 58-2). I 


(1) The prime mover or an 
auxiliary motor raises the 
angular velocity of the 
incoming generator, G, to 
synchronous (or nearly so) 


Q = w,/p = Q, 





(2) An automatic synchro- 
nizer connects thegenerator Fig. 59-1 Connection of a genera- 
field winding (Fig. 59-1) to tor to a system for parallel opera- 
the armature brushes of the "2 
exciter (K, closes and K, 
opens). J; is adjusted so that Ey (or V = Ey) at the 
terminals of the disconnected generator is equal to V,; (K 
is open). 

(3) The speed w of the prime mover is increased or decreas- 
ed a little in comparison with w, (say, by varying the set- 
ting of the guide vanes in the turbine as in Fig. 58-6). As a 
consequence, the angle a between E; and V, (see Fig. 58-3) 
slowly changes 


a = a, + (o— o,) t 
The difference emf, AE = 2V |cosa/2 |, also changes 
with a period 
T, = 2n/ |o— Qs | 
(4) The rate of change of a is slowed down so that the ope- 


tator has time to close the contactor (or circuit-breaker) 
K at the instant when AE ~ 0. This can be done if 7, is 
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anywhere from 20 to 40s, and the relative slip of the rotor 
is small 


s=|o —ao,|/o, = 2n/o.T, = T,/To 
= from 0.001 to 0.0005 


Here, 7; = 2x/w, = 1/f, is the period of change in system 
voltage, equal to 0.02 s at f, = 50 Hz. 

(5) Keeping watch on variations in AF as indicated by 
the voltmeter shown in Fig. 58-2, or by a synchronoscope, 
the operator closes the contactor when AZ = 0 and the con- 
dition required for exact synchronization, namely 

E;}=V=—V, 
is satisfied. a 

If K is closed at exactly such an instant, no current will be 
flowing in the armature winding (J = 0), and the machine 
will be floating on the line. This is however, an idealization. 
In practice the incoming generator is put on line a split se- 
cond too early or too late, and AZ somewhat differs from zero. 
This gives rise to small transient currents, and a condition 
arises in which the armature current J differs from zero. If, 
at the instant when the circuit-breaker is closed > @,, 
the machine will run as a generator with a small current 
IT<TIp. If © < Og, it will run as a motor. 

When a generator is to be put on line for the first time and 
also after any changes in connections, the above procedure 
is extended to include a check on the phase sequence in the 
generator and the system. It must be the same, because it is 


only then that AE = 0 will be in each phase, 
AE 4 = Eys + Vii =0 
AE y = Ey, oF Ven =0 


AEg = Eye + Vsc = 9 
and the incoming generator will be connected to the line 
without any damage to either. 

Exact synchronization is carried out with the aid of suit- 
able instruments, such as lamp synchronizers, synchrosco- 
pes, or synchronoscopes. They are described in detail in books 
on electrical instruments and measurements. The simplest of 
them is the lamp synchronizer which is in effect a combination 
of three incandescent lamps (see Fig. 58-2) connected for the 


Ch. 59 Synchronization Methods 364 


voltage AEF across the pairs of contacts (A and A,, B and 
B,, C and C,) of the contactor (or circuit-breaker). The lamps 
must be either designed for twice the phase voltage, 2V,, 
or connected via step-down transformers. As AE varies with 
a period 7, the lamp voltage varies between zero and 2V,, 
and the three lamps go dark or bright at the same time. 

For exact synchronization, the contactor must be closed 
at the instance when the three lamps are dark*. As an aid, 
AE can be monitored by a voltmeter (see Fig. 58-2). 

A lamp synchronizer will also indicate the phase sequence. 
If the phase sequence of the machine differs from that of 
the system, the lamps will “flicker”, one going completely 
dark, and the other two being half-bright. 


59-2 — Self-Synchronization. Conditions for Pulling 
into Synchronization 


Putting an incoming generator on line by exact synchroniza- 
tion takes from five to ten minutes, as the contactor (or 
circuit breaker) may only be closed at a certain definite an- 
gular position of the rotor. 

A faster procedure is self-synchronization which does not 
call for an exact adjustment of speed and angular position 
of the rotor. It can be applied to both synchronous genera- 
tors and synchronous motors fitted with an auxiliary accel- 
erating motor. 

The procedure for self-synchronization is as follows (see 
Fig. 59-4). 

(1) The prime mover or an auxiliary motor accelerates the 
incoming generator to synchronous (or nearly so) speed. 
For large machines, the relative slip ought not to exceed 


S$) = | 2, — Q | /Q,< 0.04 to 0.04 


During acceleration, the field winding is disconnected from 
the exciter (the field killer is “OFF”, K, is open, and K, 
is closed), and the armature winding is disconnected from 
the system (circuit-breaker K is open). 

(2) At Q close to synchronous, the voltage existing across 
the armature brushes of the exciter, Vex,, is sufficient to in- 
duce (after the automatic synchronizer has been turned on) 


* This is true only of the connection shown in the figure. If the 
secondary of one transformer is reverse, the lamps will be brightest 
at synchronism and dark at 180° of phase difference.— Translator’s note. 
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in the generator field winding, GFW, a field current, 
Ts,00 = Vexc/R; 


corresponding to Ey = Vs. The value of Vex- is found by 
aaa in advance, with the machine running on no 
load. 

(3) The automatic synchronizer is activated (K, is closed, 
and K, is opened), and the generator field winding is connect- 
ed to the running exciter. Immediately after that, cir- 
cuit-breaker K is closed, and the armature winding is con- 
nected to the system with voltage V,. 

(4) This initiates a transient process associated with a 
build-up of i; in the field winding, and of i in the armature 
winding. The interaction of the two currents gives rise to a 
periodically varying electromagnetic torque which causes 
(under certain conditions) the rotor to pull into synchro- 
nism—now it is spinning at synchronous speed, and the po- 


wer angle 8 between V = —YV, and £; reduces to zero. (It 
is assumed that the torque supplied by the prime mover, 
Text, is balanced by the friction/windage torque and the no- 
load torque.) 

The transient process terminating in synchronism is the 
superposition of two simpler transient processes. One of them 
occurs after the armature winding has been connected to the 
line; the other takes place after the field winding has been 
connected to the exciter. 

The armature current attains its maximum value about a 
half-cycle after connection to the line, that is, in time 


t= T,/2 = n/@s 


It is several times the rated current. In the worst case, it is 
given (on a per-unit basis) by 


tymax = beh V 2a = 2V45/(Xtat X,) =8 to 3 


where Xj.q is the per-unit supertransient inductive react- 
ance of the armature winding (usually anywhere from 0.15 
to 0.3; for more detail, refer to Sec. 73-3), X, is the inductive 
reactance of the step-down transformer and other system 
elements interposed between the synchronous machine and the 
buses, the bus voltage V,; may be deemed constant (X, 
ranges between 0.1 and 0.3, depending on the system arran- 
gement). 
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The field current is the sum of the current produced by the 
exciter voltage (see Sec. 72-5), and several components induc- 
ed in the field winding by variations in its flux linkage 
with the armature winding. 

Some time after the onset of the transient process (usually 
within one to three seconds), the transient currents arising 
when the armature winding is connected to the line die out 
nearly completely, and the 
synchronous electromagnetic 
torque may be expressed in 
terms of the rms armature cur- 
rent, [, = V,/X;, produced by 
V;, and the armature flux 
linkage, Vrm = V 2E;/o, due 
to the steady-state excitation 
field set up by J; = Vext/Ry. 

Neglecting saturation and 
deeming the slip sufficiently 
small (s;< 1), the synchro- 
nous electromagnetic torque 
applied to a nonsalient-pole Fig. 59-2 Electromagnetic tor- 
rotor can be found from Eq. Wes With the incoming machine 

Tunning at asynchronous ve- 
(58-13) deduced for synchro-  jocity, >, Tem, s—synchro- 
nous operation. Now, however, nous electromagnetic torque; 
it should be noted thatatnon- Tina—induction (asynchronous) 
synchronous speed, @ = dg, electromagnetic torque 
X,=0,L, (because J,=V,/X, 
depends on the system frequency), and E;= w¥,,/2 (because 
the angular velocity of the field emf, o = p, is propor- 
tional to the angular velocity of the rotor, 2). Thus, the 
synchronous electromagnetic torque may be written 








T= meet sin 0= (pm/ V 2) EV in, sin 0 (59-4) 
12 


The angle 8 in Eq. (59-1) may be taken as the angle between 


Ts = V,}/ jX, and Wy. As is seen from the phasor-vector diag- 
yam of the model in Fig. 59-2, this angle does not differ from 


the angle between V = —V, and E;. 

Should the rotor slip out of synchronism, such as when 
o = o,/(1 — s)< os, the angle 6 will be varying con- 
tinually. With the origin of time chosen as shown in 
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Fig. 5Y-3, the angle @ will be defined as 
t 
= j (@ —a,) at 
0 


and will be negative. As 6 varies, 7, will also vary periodi- 
cally. A plot of 7, as a function of both @ and ¢ appears in 
Fig. 59-3. 

The negative electromagnetic torque is acting in the direc- 
tion of rotation, so the rotor picks up speed. In contrast, 
the positive electromagnetic 
torque tends to slow down it. 
As is seen from the plot, the 
angular velocity of the rotor 
oscillates about the initial an- 
gular velocity, o),= ,(1—s,), 
going from its maximum, 
Omax = s (1 — Smax), to its 
minimum, @min and back. 
Because at @ > @o, the angle 
6 varies at a lower rate than 
it does at w << Wg, the scale of 
6 on the plots appears non- 
uniform (whereas the time scale 
is uniform). 

Let us take a closer look at 
what happens over the inter- 
val of 6 from —x/2 to —n, at 
Fig. 59-3 Pulling into synchro- the end of which the rotor ve- 
ney) locity, © = @maz, comes clos- 

est tosynchronous. This change 
in @ by 90°, occurs in a time f;/, approximately equal to 





try = Taman) = 1/2s,yWs (59-2) 


where 
Way = Op + (Omax— Op) = Os (1 —Say) 
is the average angular velocity over the interval, and 
Say =So+ +. (Smax — So) 


is the relative slip corresponding to Way. 
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The average angular acceleration of the rotor, | dw/dé | ay, 
depends on the average electromagnetic torque over the 
same interval, as given by Eq. (59-1) 


2 — 
Tem, av ae Tem, max = (2pm/x V 2) IgV tm 


The average angular acceleration over the interval (as 
found from the equation of motion for the rotor) is 


| do/dé lay ==p | dQ/dt lay =PTem, avid (59-3) 


where J is the moment of inertia of the rotor and associated 
rotating parts. 

Over the time interval tz;., the above angular accelera- 
tion causes the electrical sngular velocity of the rotor to in- 
crease by (@max — o), So that we may write 


tny2 | do/dt |av = | @max — 0 | =| S—Smax|@s (59-4) 


Using Eqs. (59-2), (59-3), and (59-4), we can find spa, 
and @max = s (1 — Smax) for the values of sy and a) = 
= @, (4 —s,) that should exist at the instant when the 
incoming generator is put on line. Obviously, the incoming 
generator will pull into synchronism if, as the rotor oscil- 
lates, its frequency becomes equal to synchronous, so that 
Omax = ©, and Spaz =O (the dashed w-curve in Fig. 
59-3). 

On substituting for tz/. and | dw/dé | ay from Eqs. (59-2) 
and (59-3) into Eq. (59-4), and solving it for s,, we will see 
that the rotor will pull into synchronism (at o, = @max 
and Smax = 0), if the initial slip at the instant of putting on 
line is such that 


SplasVejm oa ee 
80< Thay V/ Blast sin — (p/0.605) V Tem, max/DJ (59-5) 


where 
Iyg =I/IR = V,/XiR 


is the per-unit armature current component due to V, 
Y in => Pimn/VR, n— WV pmOR/ V2 Vr 
is the per-unit flux linkage of the field winding, and 
OR = 2nfR 


is the rated angular velocity of the machine. 
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Example. Self-synchronization is applied to a hydrogene- 
rator for which SR = 25 X 10° VA, o, = op = 2nfg = 
= 314 rad/s, fp = 50 Hz, p = 24, Vy, = 1, X, = 1, 
Ins = 1.0, Vy; = 1.0, and J =9 xX 10° kg m*. The rotor 
will pull into synchronism, if the slip at the instant of put- 
ting on line does not exceed (in absolute terms) the value 
given by 


P 209x108 a 
| Sy | = 24+ 0.6 x 314 Ba xg xis — 0-0878 


We have derived Eq. (59-5), defining the conditions for 
an incoming generator to pull into synchronism when it is 
put on line off-synchronism, without allowing for the induc- 
tion electromagnetic torque, Tem,ing, Which appears when 
the machine is running off-synchronism with a slip s = 
= (@, — o)/o,. At o > wo, ands < 0, the induction torque 
retards the rotor. At o < ws ands > 0 (as in Fig. 59-2), 
it accelerates the rotor. In either case, it tends to close the 
gap in speed between the rotor and the field, that is, forces 
the rotor to pull into synchronism. 

If we allow for the effect of the induction torque, we shall 
see that, with self-synchronization, the incoming machine 
pulls into synchronism at a somewhat higher initial slip, 
Sp, than that given by Eq. (59-5). In more detail the effect 
of induction torque wil] be examined in Sec. 59-4. 

A major limitation of self-synchronization is that it is 
accompanied by heavy transient currents and, as a corol- 
lary, strong electromagnetic forces which may work loose 
or even damage the armature winding. It is safe to use only 
where transient currents are not dangerous to the machine. 
In other cases, its use is warranted only if a machine must be 
brought into the system with a minimum delay. 


59-3 | Synchronizing by Frequency Control 


As we have learned, for the incoming machine to pull into 
synchronism, it is required that at the instant of coming on 
line the difference, s,92,, between the angular velocities of the 
rotor Q = 2, (4 — s,), and the rotating field, Q, = a,/p, 
be sufficiently small. 
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As follows from Eq. (59-5), the difference, or slip, veloci- 
ty must be such that 


QQ = 5,25 = 54 (06/p)<(1/0.6) J SnlesFe (59-6) 


With self-synchronization, the difference in speed is kept 
small by bringing the rotor up to synchronous speed, which 
is done by a synchronizing (accelerating) servo-motor. In 
the course of synchronization, the field velocity and the 
system frequency do not change and remain at their rated 
values. 

With frequency control, no accelerating motor is requir- 
ed, because the same effect is achieved in adifferent way. At 
the beginning of synchronization, the rotor of the incoming 
machine is stationary, 


Q = 0, sy = (M59 — 2)/Q,, = 0 
To obtain the desired small difference velocity, the system 


frequency should be reduced from its rated value to a value 
tso< fr necessary for Eq. (59-6) to be satisfied 


Oy = Hse < (110.6) V Sno 


For this to happen, the per-unit system frequency must be 
SRlasl 
farso= feo!fr<(p/0.60n) Yo AS 
Example. Given the same generator as in the previous 


example, find the frequency at which the incoming ma- 
chine will pull into synchronism. 





a 
Faso < (24 + 0.6 x 314) f geX 7 = 0.0878 


Then, 
feo = fasofR = 0.0373 x 50 = 1.86 Hz 


After the incoming machine has pulled into synchronism, 
the system frequency is gradually raised to its rated value, 
fr. Owing to the synchronizing torque, the rotor speed is 
likewise brought up to its rated value (with synchronous ope- 
ration maintained at all intermediate frequencies). 

Synchronization by frequency control may be used for 
large synchronous motors and also during tests. 
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Synchronization by frequency control calls for a voltage 
source whose frequency, fs, can be varied between broad li- 
mits (from nearly zero to fy). To maintain the armature 
current component 


IT, = V/X, = V,/o lL, 
due to V,, at the value it has at the rated frequency, 
Isr => Vr/OR L, 


the system voltage must be varied in proportion to the sys- 
tem frequency, 


V, = (@,/OR ) VR 


This can be achieved, using a servo synchronous generator 
accelerated by its prime mover from rest to rated angular 
velocity while keeping its 
Is (6) field current unchanged. 
Alternatively, this purpose 
can be served by a thyris- 
tor converter with an ample 
output. 

The arrangement using 
synchronous generator is 
shown in Fig. 59-4. The 
procedure involves two steps 
as follows. 

Fig. 59-4 Synchronization by fre- (1) The servo generator, 
quency control: G,, and the incoming gene- 
G—incomingsynchronous machine; rator, G, are first excited 
G,—servo synchronous generator —_ each from an external source 

of its own, with J;,, and 
J; maintained at a constant value throughout the starting 
period. The circuit-breaker K interconnecting the arma- 
ture windings of the two machines is then closed, and 
the servo generator is accelerated by its prime mover. 
When the angular velocity of the field in the incoming gene- 
rator, Q,, = 2f,./p, rises to a value sufficient to give rise 
to the required armature current, J, (with allowance for the 
ohmic resistances of the armatures), and for the incoming 
generator to pull into synchronism, the incoming generator 
sets in motion, and does so in step with the system. If the 
servo generator and the incoming generator differ in the num- 
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ber of pole pairs, the incoming generator will set in motion at 
the velocity of the servo generator equal to Q ,op/ps. 

(2) After G, comes up to its rated angular velocity, Q,n = 
OR/Ps, and to its rated frequency, fs = fr = Qs,Rp,/2n, 
the incoming generator, held in synchronism by electrical 
coupling between the rotors, comes up to its rated velocity, 
Qa = Or/p. 


59-4 _—_ Induction Starting 


Induction starting of a synchronous machine does not call 
for a servo motor to bring up the incoming machine to a ve- 
locity close to synchronous. This is done owing to the induc- 
tion torque, 7 jnq, that is developed when the armature wind- 
ing of the incoming machine is connected to the system 
(Fig. 59-1). 

When the incoming machine is connected to the system 
with V, and f;, the currents traversing the armature winding 
set up a magnetic field which rotates at Q,. Relative to the 
rotor, this field travels at Q,— Q = sQ, (where Q is the 
mechanical angular velocity of the rotor and s is the rela- 
tive slip) and induces currents at frequency sf, in the field 
winding closed through a damping resistor, Ry, and in the 
damper winding. It is the interaction of these currents with 
the rotating field that produces Ting. 

The greater proportion of 7'jnq is produced by the currents 
induced in the damper winding. Therefore, its resistance 
and reactance are chosen so as to supply a sufficient induction 
torque at any stage of starting. In turn, the resistance and 
reactance of the damper winding depend on the number, di- 
mensions and material of the damper bar. 

In a synchronous motor, the dimensions of the damper 
winding motor are governed by the external (load) torque, 
Text, that must be overcome at starting. In any case, the 
damper winding must be proportioned so that its tempera- 
ture at the end of starting does not rise above 250°C. 

A sufficiently large Ting is best supplied by series-shunt 
damper winding in which all the bars are connected to short- 
circuiting rings at the pole faces (see Fig. 51-9). The rings 
are formed by the conducting segments interconnecting the 
bars of each pole, and the flexible jumpers interconnecting 
the segments of adjacent poles. 
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The induction torque varies with slip in about the same 
manner as in a squirrel-cage induction motor (see Sec. 
43-3). 

The theory of the induction machine may be extended to 
the induction running of a synchronous machine on replacing 
the two short-circuited windings on its rotor (field and dam- 
per) with one short-circuited winding with an equivalent 
resistance R’ and an equivalent reactance X’ (for more de- 
tail, refer to Sec. 73-3). Then the induction torque in a syn- 
chronous machine may approximately be found, neglecting 

the single-axis effect (see Sec. 


. 43-8): 
ae Pees m RVi 
ae ma $Q, [(Ry + Ro/s)?-+ X2,] 





(59-7) 


BE | 3 As applied to the induction 
& id | running of a synchronous ma- 
d-0-4-_G___0 s—I§ chine, the notation used is as 
Ceah seer t3 10 follows: m, = m is the number 
of armature phases, V, = V, 
Fig. 59-5 Torques at induction jg the system (bus) voltage, 
(asynchronous) starting Q, =, is the mechanical 
angular velocity of the field, 
R, is the resistance per armature phase, FR, is the equiva- 
lent resistance of the damper and field windings referred 
to the armature winding, Xs. = X, + Xi is the indu- 
ctive reactance of the armature winding ats = 1, where 
X, = X, is the leakage inductive reactance of the arma- 
ture winding, and X‘ is the equivalent inductive react- 
ance of the field and damper windings referred to the ar- 
mature winding. 

An approximate plot of the induction torque of a synch- 
ronous machine as a function of slip, Ting = f (s), appears 
in Fig. 59-5. 

As the motor just changes from rest to rotation, when 
s = 1, the rotor is acted upon by what is known as the 
breakaway torque, Ty. At full speed, when the slip is a maxi- 
Mum, Smax, there appears the maximum induction torque, 
T ind,max- AS a rule, the nameplate of a synchronous motor 
also gives the torque at s = 0.05, referred to as the pull-in 
torque. Since Tina = V2, it is usual to state the voltage at 
which 7), Ting,max, and 79,9; were determined. 
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Ordinarily, the characteristic induction torques of a syn- 
chronous machine are stated as fractions of the rated syn- 
chronous torque, namely 


T»/T emp: F inaymax/T em,R ’ To,05/l em,R 
where 
Tenn = SRYRCOS PR/QR 


The single-phase field winding also contributes to the in- 
duction torque. The currents induced in it set up a pulsating 
(“breathing”) field acting along the d-axis, rather than a ro- 
tating field like that established by the polyphase damper 
winding. Because of this, the induction torque has a “dip” 
at s = 0.5 which might have an adverse effect on the start- 
ing performance of the motor. This effect is minimized by 
inserting a damping resistor, Rg, in the field circuit. As is 
seen from Fig. 59-5, the starting characteristic at Ry ~ 
~ OR, 0 is substantially better than at Rg =O (see 
Sec. 46-2). 

At starting, the field winding must be closed through an 
exciter or a damping resistor. The reason for this is as follows. 

When the machine is just changing from rest to rotation, 
s m1 and sQ, = Q,, the voltage existing across the open- 
circuited field winding is 


V.= (w4/qus) Von 


where Vpy is the phase voltage of the armature winding, 
w; is the number of turns per pole in the field winding, q 
is the number of armature slots per pole, and u, is the num- 
ber of winding conductors per slot. The voltage existing across 
the open-circuited field may be three to five times the phase 
voltage, rising to 20-50 kV which is about a hundred times 
the rated voltage for which the winding insulation is design- 
ed. This would damage field insulation and even knock the 
machine out of operation. By short-circuiting the field wind- 
ing, the induced voltage is reduced to zero. When the field 
winding is closed through Ry ~ 5R;, it vanishes almost 
completely or does not exceed the rated voltage of the field 
winding. 

Induction starting of a synchronous motor proceeds in the 
same manner as the starting of an induction motor discussed 
in Part 4. At starting, the load (external) torque, Text, 
on the motor shaft (see Fig. 59-5) must be smaller than 
T ina Then, as follows from the equation of motion, the motor 
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will come up to speed with an acceleration given by 
dQ/dt = (Ting — Text)/J 


where J is the moment of inertia of the rotating parts, and 
the mechanical angular velocity can be brought up to 


Q, = Q, (1 — sp) 


corresponding to a balance between Ting and | Tex: |. 
If the pull-in torque of the motor is sufficiently high, and 
So at Ting = | Text | Satisfies Eq. (59-5), then, upon closure 
of the automatic synchronizer and the appearance of current 
in the field winding, the motor will pull into synchronism. 
(In starting on load, when T,,; 0, s, must be somewhat 
smaller than is given by Eq. (59-5).) If the load torque is 
high, starting must be done at V, = Va. The initial start- 
ing current (that is, the steady-state armature current at 
s = 1) in the circumstances is fairly heavy, so that its ratio 
to rated armature current, Jsar;/ZR, ranges from 3:1 to 
5:4. Here, Jp = Sp/3V, is the rated armature current at 
synchronism. 

The currents in the damper (starting) winding are as hea- 
vy. If the starting conditions are especially severe, the tem- 
perature of the damper winding might rise to above 250°C. 
To keep its temperature within safe limits, V, must be held 
below Vx. This is done by switching in a reactor or an auto- 
transformer. Unfortunately, this also reduces the induction 
torque as it is proportional to the system (bus) voltage squar- 
ed, so the motor takes more time to start. 

At rated voltage, a synchronous motor is induction-start- 
ed, using the arrangement in Fig. 59-1. The procedure is as 
follows. 

(1) Before the armature winding is connected to the supply 
line, the field winding is disconnected from the exciter 
(K, is opened) and connected across the damping resistor, 
Ra (K, is closed). As already explained, this is done by open- 
ing the automatic synchronizer which combines K, and 
K,. 

(2) Contactor (or circuit-breaker) K is closed to connect the 
armature winding to the supply line with V,. The resultant 
induction torque brings the motor up to s,. Depending on the 
power rating and angular velocity of the motor, this may take 
from afew seconds to several minutes. At 2, = 2; (4—s,), 
the exciter is self-excited, and Vey, appears across its 
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terminals. (Prior to starting, the adjusting rheostat AR 
is set so that Vx, is sufficient for the desired 7; = Vex,/R; 
to be obtained.) 

(3) At Q,, the automatic synchronizer operates and con- 
nects the field winding to the exciter, Exc, supplying Vexe. 
In doing so, K, closes first and K, opens second. Otherwise, 
the field winding would be left open-circuited (even though 
for an instant) and damaged. As with self-synchronization, 
the field current builds up and the motor pulls into synchro- 
nism (if s, is sufficiently small). In this, the motor is aided 
by induction torque. 

(4) In starting at load, V.x_ is pre-adjusted so that the 
motor will be brought up to synchronism at the desired 
power factor. In starting at no load (Text ~ 0), the motor is 
first brought up to synchronism, then the desired 7.x, is set, 
and the field current is adjusted so that the machine will 
generate the required reactive power. 


59-5 Induction Running of Synchronous Machines. 
Resynchronization 


As we have learned, except salient-pole machines with solid- 
iron poles, nearly all synchronous machines (motors, con- 
densers and, especially, large generators) have damper wind- 
ings (see Sec. 51-3). 

Damper windings give the synchronous machines quite a 
number of valuable properties. Most important among them is 
that the damper winding enables the machine to keep run- 
ning even if it “swings” out of synchronism. Also, any tran- 
sients caused by a change in voltage, field current or exter- 
nal torque give a more favourable response owing to the tran- 
sient currents that are induced in the damper bars. 

Importantly, induction torque in a synchronous machine 
is also produced due to a short-duration departure of the 
angular velocity of the rotor from synchronous. This may, 
for example, occur when there is a change in the operating 
conditions and, as a result, a change in the power (or torque) 
angle. In the circumstances, induction torque enables the 
machine to slip back to synchronism (see Sec. 60-1) more gra- 
dually. 

A swing out of synchronism may be caused by a sudden 
fall in the system voltage or field current, or by a sudden 
increase in the load torque beyond the pull-out torque, 
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T,max- When this happens, the angular speed of the machine 
exceeds synchronous if it has been running as a generator, 
or falls below synchronous, if it has been running as a motor. 

As the difference in speed between the rotor and the field 
increases, the relative slip increases too. This leads to a gra- 
dual build-up in induction torque until it balances the exter- 
nal (load) torque at a certain definite value of slip. 

How a synchronous machine will run upon a fall out of 
synchronism depends on its induction torque characteristic 
which can approximately be found from Eq. (59-7). In per- 
unit, the maximum induction torque (see Sec. 43-3) is gi- 
ven by 


Ts indjmax = T ina,max/T'B 
@ V%y/2X uso & from 1.5 to 3.0 


where Tz = Sp/Q, is the synchronous torque taken as the 
base quantity, and X,, is the short-circuit reactance at 
s=1: 


Xauso © (Xa + X%q)/2 = from 0.15 to 0.3 


The maximum induction torque is 2 to 3.5 times the ex- 
ternal torque under rated synchronous conditions 


Text = Text/Ta = P+,R © COS OR 
from 0.8 to 0.9 
Because of this, it often happens that 


T's indsmax > Text 


even when the system (bus) voltage is reduced by a sizeable 
amount (V,, <1), so, upon a fall out of synchronism, the 
machine keeps running on induction torque at a small slip, 
0 <s< Smax, Where 


Smax = Ryo! X xsc 
is the slip corresponding to Ting,max (see Fig. 59-5). At 


S<Smax<X 1, the induction torque equation (59-7) can 
markedly be simplified 


T ina = tinaS (59-8) 


where ting = mV2/Q,R, is a constant, and induction torque 
is proportional to slip. On setting Ting = Text, it is an easy 
matter to find from Eq. (59-8) the slip required for asynchro- 
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nous running to take place 
S= Texting = Rie cos prl Vis 


This slip is very small, being a few thousandths in large 
machines. 

As we have seen, after it has dropped out of synchronism, 
a synchronous machine will in many cases keep running as an 
induction machine. Obviously, this is an abnormal condition 
which requires appropriate steps to be taken. 

To avoid likely damage, the first thing to do is to turn off 
excitation. This is done by disabling the automatic syn- 
chronizer and closing the field winding through a damping 
resistor. This will cancel the alternating synchronous torque 
that causes oscillations in the angular velocity and ar- 
mature current. Upon removal of excitation, the machine 
will run on induction torque at a slip s, delivering the same 
active power as before. However, instead of delivering reac- 
tive power to the system, the machine will draw it from the 
system (because the reactive component of current lags behind 
the system voltage as in an induction machine). 

For how long induction running may be tolerated depends 
on the losses dissipated in the short-circuited field and dam- 
per windings: 


Pou. = SPem & SP 


Jt must be found in advance by thermal calculations. As a 
rule, sustained induction running can be permitted at reduc- 
ed power output (for turbogenerators, at 50 to 70% of 
rated power). 

After the cause of falling out of synchronism has been clear- 
ed, the machine must again be synchronized. This procedure 
is called resynchronization. In a way, it is not unlike self- 
synchronization. If the slip in induction running is substan- 
tially smaller than the value of s, given by Eq. (59-5) and 
required for a machine to pull into synchronism, resynchro- 
nization can be effected without removing load from the ma- 
chine that is, without reducing 7.,,. It will suffice to connect 
the field winding to an exciter. This will cause the field cur- 
rent to rise, and the machine will pull into synchronism. 
If the slip in induction running exceeds s,, the load on the 
machine should first be somewhat reduced by bringing down 
Text- This done, the automatic synchronizer may be activat- 
ed for resynchronization as already explained. 
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60 Instability of Synchronous 
Machines in Parallel Operation 


60-1 Free Oscillations of the Rotor Following 
a Sudden Change in External Torque 


When a machine is operating in parallel with another ma- 
chine or a system, for each synchronous steady state there is a 
certain definite angular position that the rotor takes up rela- 
tive to the rotating field. This position is described in terms 
of the load (torque or displacement) angle, 0, which is the 


same as the angle between W,,. and Wy, (see Fig. 59-2), 

At constant V, and J;, each value of 7,4 corresponds to a 
certain definite value of 0 on the power-angle characteristic 
of the machine (see Sec. 58-6). Any change in the quantities 
that govern the power angle inevitably leads to a change in 
the position of the rotor relative to the rotating field. The 
response of 8 to such changes is usually oscillatory. Oscilla- 
tions of 8 about its new value are accompanied by oscilla- 
tions in the angular velocity of the rotor, armature current, 
electromagnetic torque, and active and reactive power. 

We shall limit our discussion to small oscillations of the 
rotor. Then AQ, the deviations of 8 from its initial value, 
6,, will be so small that 


sinawa=—8— 8, 


where a designates the deviation, AQ. 

Suppose that initially (at t < 0), the machine is operating 
as a generator at Vs, Text.9 balanced by Tem,o, synchronous 
velocity o,, and 8 = 8,. Then the armature current* will 
be 

I, = E; — V/jx, 

In Fig. 60-1, the positions of the rotor and all the phasors 
and vectors involved are shown at ¢>> 0 by full lines, and on 
the power-angle characteristic the initial operating condi- 
tions correspond to point 7. At ¢ = 0, the external torque 
suddenly increases by AT,x, to become 


Text ae Text.o + AT ext 


* The current equation is written for a nonsalient-pole machine. 
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This upsets the balance of torques 
Text — Tem,o = AT ext 
and the rotor picks up speed with an acceleration 
(dQ/dt)) = AT ex/J 


where J is the moment of inertia of the rotating parts of the 
machine. 


4 Text =f Em, 





Fig. 60-1 Transient response to a small change in Text 


The rotor will keep picking up speed (with a gradually 
decreasing acceleration) and the power angle, 0 = 0, +a 
will increase until the increasing electromagnetic torque, 
Tem = Tem + ATem, balances the external torque 


Lem = T ext,o + AT ext, 


at point 2 on the power-angle curve (see Fig. 60-1). 

Despite the equality of torques, however, the conditions at 
point 2 corresponding to 0 = 0, + aa (where Go is the stea- 
dy-state change of angle) will not settle to their steady-state 
values at once, because the rotor velocity @ exceeds the syn- 


chronous velocity, @;, at which v= aeV, and Wy rotate 
(Fig. 60-2). The angle 8 =0,+ a will ‘keep increasing 
(a > Go), but with AT on exceeding AT .x+- Because of this 
an electromagnetic counter torque, ATem — AT ext, will 
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be acting on the rotor giving rise to a deceleration 
dQ/dt = (AT ex, — ATen)/J 


The rotor will slow down until it slips back to synchronous 
velocity, o = ws. But again, this will not be a steady state, 
because @ > Go, that is, the electromagnetic torque will 
exceed the external torque, and the machine will be decele- 
rated still more (see Fig. 60-2). As is seen from Figs. 60-4 





Fig. 60-2 Oscillatory transient response of 0, s, dw/dt, Tem, J, and 
P to a small change in Text 


and 60-2, this causes oscillations in 0 = 0, + @, in Tem, 
dw/dt, and in ow. (Plots of a and AT, as functions of time 
are shown in circles in Fig. 60-1.) This is accompanied by an 
interchange of energy between the rotating rotor and the 
magnetic field. If there were no losses of energy, the oscil- 
lations would go on undamped. However, some energy is 
inevitably lost as heat in the rotor circuits as they cut the 
magnetic field. Because of this, the oscillations gradually 
decay as shown in Fig. 60-2. 

For a mathematical description of rotor oscillations, all 
the necessary quantities must be expressed in terms of the 
initial power angle 8, and its small devitation, A® = a. 
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(1) The angle 8 between E,, rotating in the model at a, 
and V = — Ve, rotating at @, = 2nf,, is the same (see 
Fig. 60-1) as the angle between the d-axis of the rotor (or 
Vim) and the axis of the resultant field (or Wym)s 

§6@=60,+A0=8,+a 


Alternatively, the angle 6 may be interpreted as the angle 
between the unlike magnetic poles, Sy and N; (see Fig. 60-1), 
respectively representing Vy, and Vym. 

(2) The electrical angular velocity of the rotor (or the me- 
chanical angular velocity of the rotor in a two-pole model) 
is the sum of the synchronous angular velocity w, and an 
additional angular velocity associated with the deviation of 
the power angle from its initial value, 9): 


@ = wo, + d0/dt = w, + da/dt 
The mechanical angular velocity of the rotor is 
Q = wo/p = Q, + (da/dt)/p 
(3) The slip of the rotor relative to the resultant field is 
s = (Q, — Q2)/Q, = — (da/dt)/ws 
(4) The acceleration of the rotor is 
dQ/dt = (d?a/dt?)/p 
(5) The synchronous electromagnetic torque acting on the 
rotor at 9 = 6, + a (see Fig. 60-1) is 
Tem = Temo + ATem = Tem,o + ta 
where Tem. = f (89) = clectromagnetic torque at 0 = 6, 
on the power-angle characteristic 
ts = (OT em/08)e—0, = specific synchronizing torque at 
6 = 0, (see Sec. 58-7). 
For a nonsalient-pole machine 
Tem. = MVEysinO,/X,Q, 


t, = mVE; cos 8,/X,Q, 

(6) The induction torque produced by the interaction of 
the currents in the damper and field windings with the resul- 
tant field can be found at small values of slip from Eq. 
(59-8) 

Tina = tings = —D da/dt 
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where ting = mMV?/Q,R,, and D = tina/o, is the damping 
factor which is inversely proportional to the referred resist- 
ance of the damper and field windings, Rj. The induction 
electromagnetic torque is assumed to be positive when it 
is acting with the direction of rotation. 

Now we can write the equation of motion for small oscil- 
lations of the rotor caused by a sudden change in external 
torque, AT ext, 


Pext — Tem + Tina = JdQ/dt 


On expressing the torques in terms of @ and its deriva- 
tives, da/dt and d?a/dz?, we get a linear inhomogeneous se- 
cond-order differential equation with constant coefficients 


d?a/dé? + (Dp/J) (da/dt) + (tsp/J) a@ = (p/J)AT ex, (60-1) 
from which we can readily find the angle a. The solution of 


Eq. (60-1) is the sum of a complementary and a particular 
solution. The complementary solution of 


d2a/dt? + (Dp/J) (da/dt) + (tsp/J) a = 0 


is a force-free or transient term. The particular solution is 
a steady-state term, that is, one at ¢ = oo. 
The complementary part may be written 


a = C, exp (r,t) + C, exp (rat) 


where C, and C, are constants definable from the initial 
conditions, and r, and r, are the roots 


r,2= —(Dpl2J) + V (Dpl2J)?—teplI 
of the characteristic equation 
r? + (Dp/J)r + t.p/J = 0 
In the underdamped case, when 
(Dpl2J)? < t,plJ 


and the induction torque is a small fraction of the synchronous 
torque, the roots of the characteristic equation are com- 
plex conjugates 


"2 = —Bo + ja 
the real part of which 
Bp = Dpl2d 
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is the decay factor, and the coefficient of the imaginary part 


w= V tgpld 
is the angular frequency of free oscillations of the rotor in 
the magnetic field. 
With such roots, the complementary solution may be 
simplified still more 


a = C, exp (—Bp) cos (Wot + Po) 
where Cy, and gq, are constants to be found. 
The particular solution of Eq. (60-1), or the steady-state 


part (at t = oo), when da/dt = 0 and d’a/di? = 0, is the 
steady-state change of angle 


Q(1= 00) = hog = AT ext/ts 


The complete solution of Eq. (60-1) is the sum of the two 
above solutions 


% = Cy exp (—B pf) cos (Mot + Po) + Ho 
The constants Cy and @, in the complete solution are found 
from the initial conditions: 
(14) at ¢ = 0, o = ow, and s = 0, so da/dt = 0. Also in 
the underdamped case, Bp < Wp, and 


(da/dt):—o © [ — CW exp (— Ppt) sin (wot + Po)]i=o = 
Hence, pp = 0; 


(2) att = 0, 0 = 6, and a = O. Recalling that g, = 0, 
we get 


a& = Cy COS Pp + Go = Cy + han = 0 


Hence, Cy, = —Qoa 
Finally, the deviation of the power angle 0 in the case of 
force-free, or transient, oscillations can be written 


= Ae [1 —exp (— Ppt) cos wot] 


The waveform of oscillation in the angle 0 =0,+a 
is shown in Fig. 60-2 which also gives the d6/dt and d?6/dé? 
curves, 

As follows from the equation for a, the rotor is oscillating 
in the resultant magnetic field about its steady-state posi- 
tion, 8 = 8, +a... In the underdamped case, force-free 
or transient oscillations occur at the frequency given by 


@ =2n/Ty=V taplt (60-2) 
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As follows from Eq. (60-2), the frequency is inversely pro- 
portional to the square root of the moment of inertia and 
directly proportional to the square root of the specific syn- 
chronizing torque. For large machines, 7, is anywhere from 
a split second to several seconds. The frequency of oscilla- 
tion isa maximum at no load, when 6, = 0 and ¢; = ts, max. 
As the load is increased, the frequency of oscillation decrea- 
ses. In approaching the steady-state stability limit, 6, 
tends to O0max,és tends to zero, and so does the frequency of 
oscillation. 

At the onset of the transient response, the amplitude of 
angle oscillations is a. = AT ¢x;/ts. With time the oscilla- 
tions gradually collapse with a decay factor Bp = Dp/2J 
and with a decay (or transient) time constant 


Tp = 1/Bp = 2J/Dp 


At time 7'p, it reduces to 4/e of its original value. At time 
2T p, it decays to 1/e? of its original value, and so on. 

The oscillations of 8 are accompanied by torque oscilla- 
tions with an initial peak value AT em.) = ts@oo, and active- 
power oscillations with an initial peak value AP, = 
= Q.AT emg = VstsQoo- 

As is seen from Fig. 60-1, changes in the angular position 
of the rotor are accompanied by oscillations in the rms value 


and phase of current. Using the voltage (Ey, V; 7X,1) tri- 
angle, we can readily express X,/J in terms of Ey, V, and 0, 
and find the rms value of current 


"E?+ V2— 2VE; cos 6 
fy. ER+V al 7008 0 
the change in the rms current 
AI = (01/08)9~0,, A® = (d1/00)9—., 
ate EyV sin Q # 
X, V E}-+V2—2VE; cos 85 
and the initial amplitude of oscillation of the rms current 
AI y = (01/08) 9=092c0 
In the overdamped case, 
(Dp/2J)? > taplI 
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the characteristic equation has real roots, and the machine 
goes to a new steady state at 0. = Q) + Geo aperiodi- 
cally. 


60-2 Forced Oscillations of the Rotor 


If the prime mover of a synchronous generator is a recip- 
rocating engine, the external torque will contain a constant 
(zero-frequency) terms and several harmonics 


co 
Pet = ext, ot Det Pext, vy COS Wyt 


where 7.x;,y is the amplitude of the vth-harmonic external 
torque, and , is its angular frequency. 

Suppose that 7 x¢,, corresponds to 0, on the torque-angle 
characteristic (see Fig. 60-1). Then, the vth-harmonic torque 
will cause 6 to oscillate about its mean value, 0). If 
Text,v< Text.o, we may write 8 as 


6=6+2a 
where a@ isa small change in 8 due to the vth-harmonic 


torque. This small change can be found from the equation of 
motion for the rotor, written by analogy with Eq. (60-4): 


d?a/dt? + (Dp/J)(da/dt) + (tsp/J) a = (plJ) Text,» Cosw yt 
The particular solution of the above equation fora, assum- 
ing a steady state (f = oo), may be written 
& = Omax COS (yf — Gy) (60-3) 
where 


Text. v 
Wy V D+ (oJ /p— ts/ay)* 


is the amplitude of the vth-harmonic oscillation or 6, and 


Qmax = 


o,J/p—ts/w 
(Py = arctan ee 


is its phase. 

To begin with, let us investigate the oscillations of the 
rotor when a synchronous generator is serving an isolated 
load (as shown in the diagram of Fig. 58-5). The vth-harmo- 
nic torque causes the rotor to oscillate about its mean elec- 
trical angular synchronous velocity @, = 2,p. Because the 


load voltage, V, has the same electrical frequency as 
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E;, the angle 8 between them and the synchronous electro- 
magnetic torque, 7.m, remain unchanged. 7'.,, balances the 
constant term of the external torque, Tem = Texto. As 
the rotor departs by an angle a from the axis rotating at 
synchronous velocity, no change occurs in the electromagne- 
tic torque, 

ATem = f (a) = 0 


Formally, this enables us to deem the specific synchronizing 
torque in the general expression for the change of torque 
equal to zero, t, = 0. 

Assuming at the: same time (for simplicity) ete the amount 
of damping is small (the underdamped case), D = 0, and 
using Eq. (60-3), we find that the deviation in the power angle 
of a synchronous generator serving an isolated load, caus- 
ed by the vth-harmonic torque is 


& = Oo,max COS (WOyt — Qy) (60-4) 
where 
Qo,max = T ext,vp/o%d 


is the amplitude of the vth harmonic of oscillation of the 
power angle in operation into an isolated load, and 


Oy = + n/2 
is its phase. 
Recalling that the electrical angular velocity of the rotor 
is 
o = o, + da/dét 
it is an easy matter to find the speed regulation 
§ = Cmax — Omi — 2 (doi/dt)max/@s 
Ss 
= 22 ext, vP/OyOgd 


where max = Ws + (da/dt)max 
min = Os — (da/dt) max 
When a synchronous generator is supplying a lighting 
load, the moment of inertia for its rotor must be chosen such 
that E < 0.01 to 0.005. Failure to meet this requirement will 
cause flicker unpleasant and tiring to the eye. 
When a synchronous generator is connected to an infinite 
bus or system (as in Fig. 58-6), which implies constant V, 
and constant f,, the amplitude of the vth-harmonic oscilla- 
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tion of the power angle is a function of the synchronizing 
torque, tj 40. In the underdamped case, when D = 0, 
Eq. (60-3) may be re-written as 


Omas =| tare (60-5) 
where @, is the angular velocily of free oscillations of the 
rotor in parallel operation at 6 = 0, from Eq. (60-2), and 
@o,max is the amplitude of the vth-harmonic oscillation of 
the power angle in supplying an isolated load under the 
same conditions. 

As is seen from Eqs. (60-5) and (60-4), the ratio between 
the amplitude of the vth-harmonic oscillation of the power 
angle when the machine is connected toan infinite busto 
the same amplitude when the 
machine is serving an isolat- 
ed load, called the resonance 
modulus of the vth harmonic 


os 1 
Cv = max! &o, max 


, 4 
=|zpoorayr| (60-6) 
strongly depends on the ratio 
of @,, the natural frequency 
of rotor oscillation, to w,, the 
frequency of oscillation of the 
vth-harmonic of external 
torque (Fig. 60-3). Fig. 60-3 Plot of w= 

At ,/ov<1,theamplitude =max/@9,.max a8 a function of 
of oscillations of the power 0! ®v: 
angle in operation into an J—at (D=0; 2—atD= 
infinite system, = = V JiJp > 0 





Omax = Sv%,max © %,max 
is the same as with the machine serving an isolated load. 
In this case, the motion of the rotor is mainly governed by 


its inertia, and the synchronizing torque plays a minor 
role 


tga << (J/p) (d?a/dt?) 
In contrast, at @)/@,>> 1, the amplitude of oscillation of 


re power angle with the machine connected to an infinite 
us, 


Omax = (@,/@o)?e9, max 
25—0240 
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is a small fraction of the amplitude in the case of an isolat- 
ed load. In this case, the inertia of the rotor is unimportant, 


(J/p) (d?a/dt”) << tga 


and the amplicude of oscillation of the power angle, as can 
readily be checked, is solely dependent on the amplitude of 
oscillation of the external torque, that is 


Gmax = (@3/ 9) Qo,max = (Text, v/ts) = hoy 


Finally, at @, = @y, that is, when the torque oscillates 
at the same frequency as the rotor does, there occurs a re- 
sonance of forced and free oscillations, ama, = co. AS a 
result, if no damping action were supplied, D=0, the machine 
would not be able to operate into an infinite system. For- 
tunately, the rotor circuits do supply some damping action, 
so that D > 0, the amplitude of oscillation of the power angle 
decreases to a finite value even within the resonance range 
(see Fig. 60-3). 

When a synchronous generator is connected to an infinite 
system, the forced oscillations of the power angle are accom- 
panied by oscillations of armature current (see above); 
oscillations of the rotor give rise to currents in its field and 
damper windings. The net result is an increase in losses, an 
impairment in efficiency, and a higher temperature rise. 
These drawbacks can be minimized by reducing the amplitude 
of oscillations of the power angle as much as practicable. 
Because the value of w, is fixed for each particular reciprocat- 
ing prime mover, a shift outside theresonance region can be 
secured by changing @,, the natural frequency of oscillations, 
through an increase or a decrease in the moment of inertia. 
If wy 21.1450, or mw, <0.820,, then €,< 3. A further 
decrease in the amplitude of oscillations can be obtained by 
bringing down the resistance of the damper winding—this 
leads to a higher damping factor. 

Similar forced oscillations arise in synchronous motors 
which drive reciprocating pumps. Their amplitude can be 
minimized in the same manner as explained above. 
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61 Unbalanced Operation 
of Synchronous Machines 


61-1 An Outline of Unbalanced Operation 


Unbalanced operation is a frequent occurrence in the use of 
synchronous machines. It may arise from internal causes, 
such as damage which upsets the symmetry of the armature 
winding, and from external causes, such as lack of symmetry 
and balance in the load or the system to which a given syn- 
chronous_ machine is connected. 

In this section, we shall limit ourselves.to steady-state 
unbalanced conditions arising solely from the dissymmetry 
or unbalance of the system to which the machine is connected. 
In all cases, it will be assumed that the three-phase armature 
winding of the machine is well balanced and symmetric. 
If not otherwise qualified, it will be assumed that the wind- 
ing is star-connected. 

In the case of an isolated load, current unbalance can arise 

from a difference in load impedance between the generator 
phases. This form of unbalance also includes various exter- 
nal unbalanced short-circuits (a two- or a single-phase fault 
to ground, etc.), when the resistance between the shorted 
points falls to zero. 
{_.In operation into an infinite system, current unbalance 
between the generator phases may occur owing to voltage 
unbalance in the system (in turn caused by an unequal 
sharing of load among the phases), or owing to various unba- 
lanced faults in the system’s parts (transmission lines, trans- 
formers, etc.). 

The unbalanced conditions arising in a synchronous ma- 
chine can conveniently be analysed by the method of sym- 
metric components. In the general case, when the armature 
winding is star-connected with the neutral point brought out, 
the armature carries all the three sets of symmetric current 
components, namely positive, negative, and zero. 


61-2 Positive-Sequence Impedance 
of the Armature Winding 


The positive-sequence set of currents in the armature phases 
(4a = Tai, = I,40*, and Ig, = J4,a) produces a fun- 
25% 
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damental mmf, Fum = Fim, rotating at Q, = 2nf/p in the 
direction of positive phase sequence (from phase A to phase 
B to phase C). 

Under synchronous steady-state conditions, this mmf is 
stationary relative to the rotor (see Sec.54-1) and can be re- 
Solved into a d-axis and a g-axis component: 


Fram = Fim sin B 
FPigm = Fim cos ) 
where f is the angle between F,,, and the negative direction 
of the q-axis. 
The d-axis mmf is produced by the positive-sequence set 
of d-axis currents 


Lata = Lai sin B exp [—j (n/2 — B)] 
Tpi1q = Tasaa® 
Tea = Ta1aa 

The qg-axis mmf is produced by the positive-sequence set 

of g-axis currents 
Taiq = 11 608 B exp (jB) 
Taig = Taig” 
I Clq = I A1g@ 

As has been explained earlier, the synchronous field es- 
tablished by positive-sequence currents depends solely on 
the dimensions of the stator and rotor cores and the angle B 
(see Fig. 54-2). 

The armature impedance seen by the positive-sequence 


set of d-axis currents is the sum of the phase-conductor re- 
sistance and the d-axis inductive reactance 


Zia = R+-jXa 


Xa= Xo + Xoa 
Accordingly, the impedance seen by the positive-sequence 
set of g-axis currents is 
Ziqg=R+j Xq 


where 


where 
X =X + Xaq 
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In the general case, the positive-sequence impedance of 
the armature (see Sec. 54-5) is a function of B: 


4 = Ri + iX, (61-1) 
where 
R, = R + Ry 
pe Gee 


Xq = Xqq cos*B + Xoa sin*pB 
R, = 0.5 (Xaa — Xaq) sin’B 
For a nonsalient-pole machine where Xqqg = Xaqg = Xa 
and R, = 0, the impedance is 
Z,=R+ jx, 


where 
X,=X,+ Xa 


61-3 Negative-Sequence Impedance 

of the Armature Winding 
The negative-sequence set of currents in the armature pha- 
ses (lg = T4o,DTp2 =Ta24, Ico = 14.0") produces 
a fundamental mmf, F,,,, rotating at Q, = 2nf/p = — Qs 
in the direction of negative phase sequence (from phase A 
to phase C to phase 8). 

If the rotor of a synchronous machine is magnetically 
and electrically symmetrical and balanced, which is true, 
for example, of the polyphase (m,> 2), squirrel-cage rotor 
of an induction machine, the negative-sequence impedance 
of the armature winding can be determined by reference to 
the equivalent circuit of an induction machine in Fig. 42-3. 
As will be recalled, at synchronous speed the rotor slip, s,, 
relative to the positive-sequence currents is zero. Therefore, 
in calculating the negative-sequence impedance, the rotor 
slip relative to the negative-sequence field must be taken as 


Ss =2—s=2 
This can readily be proved, because 
S_ = (Q, — Q,/Q, = (Q, + Q,)/Q, = 2 
Assume that the rotor is of the nonsalient-pole design, the 
field winding is open-circuited, and the damper is an elec- 


trically¥ symmetric, equal-pitch, short-circuited winding. 
Let us adopt for the equivalent circuit in Fig. 42-3 the nota- 
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tion used for synchronous machines, namely: the resistance 
of the armature-phase conductors is R, = R, the armature 
leakage inductive reactance is X, = X,, themutual armature 
reactance is Z, = R, + jX, + jXq, the damper-winding re- 
sistance referred to the armature winding' is Ra = Ré, 
and the leakage inductive reactance of the damper winding 
referred to the armature winding is X35 = X¢,. Then the ne- 
gative-sequence impedance of the armature winding may be 
written 

F P 1 

y= ist [Xa= BROT ag aOR pao) 


If Xg>> Xs > 0.5Rec, then approximately we may write 
R, = R + 0.5Rsc > R 
Xo = Xo + Xso<X xy 


As is seen from the above equations, the negative-sequence 
reactance of the armature is substantially smaller than the 
positive-sequence reactance. This is because the negative- 
sequence field is bucked by the currents induced in the dam- 
per winding. The currents in the damper winding hinder the 
penetration of the magnetic field into the rotor core which 
has a low reluctance, and crowd it outside the damper- 
winding loop where it sees the high reluctance presented by 
the nonmagnetic gaps and clearances. These same gaps and 
clearances complete the path for the damper-winding leak- 
age flux defined in terms of X;,. Because of this, the nega- 
tive-sequence impedance is equal to the sum of X, and X¢&. 

In contrast, the negative-sequence resistance is higher 
than the positive-sequence resistance, because it is associat- 
ed not only with the copper losses in the armature winding, 


Pou = mRI; 
but also with the electromagnetic power transferred across 
the gap to the rotor 
Poem & (mR5/s) I? 


which should be found for the braking mode of operation. 
The rotor copper losses, Pou, = mRgc1; are made up for by 
the Pem supplied from the stator side and by an ‘equal me- 
chanical power input 

| Pm |= mRgl5 | (1 — s)/s |= Pem 
coming from the rotor’s side, 
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Now we assume that the rotor is of the salient-pole design 
with a short-circuited, single-axis field winding and a va- 
riable-pitch damper winding. Then there will be both elec- 
trical and magnetic dissymetry owing to which the] d- 
and g-axis quantities will be different. 


<@ 






OOOO} 





Fig. 61-1 Magnetic fields set up by negative-sequence currents along 
(a) d-axis and (b) q-axis 


Among other things, the magnetic unbalance of a salient- 
pole rotor is responsible for the difference between the d- 
and q-axis mutual reactances of the armature, 


Xa x Xaq 


Electrical unbalance is responsible for the difference be- 
tween the d- and g-axis leakage reactances and resistances of 
the damper winding, 


Xee.d F Xe, 

se, d a Rie 
Electrical unbalance is aggravated by the fact that the 
field winding” can only affect the d-axis field (its effect 
increases with decreasing Xj, and decreasing R;)*. 


To determine™the negative-sequence field and impedance 
of the armature winding, we may, as in a balanced induction 


* The manner in which the rotor quantities are referred to the 
armature winding is discussed in Sec. 71-3. 
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machine, replace the rotor travelling with a slip s, = 2 
by an equivalent, standstill rotor and divide the resistance 
by sp. 

f*As the negative-sequence mmf travels relative to the 
rotor at standstill, it aligns itself now with the d-axis, 


Fam; Dow with the q-axis, F, qm: The d-axis field set up by 


Fam (which corresponds to the ims current J, or the in- 
stantaneous currents i4og, i g9q and icoa) is bucked by the 
currents induced in the d-axis loop of the damper winding, 
isc,g, and in the field winding, i; (see Fig. 61-1a). When 
the rotor resistances are small, the field is crowded nearly 
completely out of the field and damper windings. The 


impedance 
Zea = Roa + iXea 
that the armature presents to the negative-sequence currents 
Inq establishing the d-axis field can be found from the equi- 
valent circuit at the top of Fig. 61-2: 
Zea = R+ jXot [(iXaa)* + (0-5Rec, a t+ IXse, a)! 
+ (0.587 + jXjo)1* (61-2) 
The g-axis field set up by F, qm corresponding to the rms 
current I oq or the instantaneous currents i4oq, igeq and 
iggg (in the figure, i4,¢ = 0), is solely bucked by the cur- 
rent induced in the q-axis loop of the damper winding, 
isc,g, and is nearly completely crowded out of that loop 
(see Fig. 61-1b). The impedance Zo_¢= RogtjXoq 
that the armature presents to the negative-sequence currents 


I aq that set up the q-axis field can be found from the equi- 
valent circuit at the bottom of Fig. 64-2. 
Zyq= R+ jXo+[(7Xaq) t+ (0.5Reo, q+ FXse,q) 1+ (64-3) 
In a salient-pole machine, ‘the d- and q- axis negative- 
sequence impedances and their resistive and inductive com 
ponents differ from the positive-sequence quantities: 
| Zea |A | Zag | 
Rea F Rog 
Xoq F Xoq 
A more detailed analysis would show that the magnetic 
and electric dissymetry of the rotor in a salient-pole machine 
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manifests itself under asynchronous conditions in the same 
manner as the unbalance of phase impedances in the rotor 
of an induction machine (see Sec. 46-2). The negative- 
sequence field at the fundamental frequency, f =/,, rotates 
at an electrical angular velocity ,, the rotor travels in 
the opposite direction at o = —@,, and its slip relative 
to the negative-sequence field is 


s = (0, — o)/o, = 2 
As a result, currents are induced in the rotor circuits at 
frequency 
i, = sf = 2f 


Because the rotor is unbalanced, the field set up by the 
currents in the rotor circuits can be visualized as the sum 
of two rotating fields. One is the forwad field travelling 
at s@, = 2@, relative to the rotor and at sw, + o = 20, — 
— @, = @, relative to the stator. The other is the backward 
field travelling at —sw, = —2o, relative to the rotor and 
at —sa, + © = —2@, — o, = —3q, relative to the stator. 

In the stator winding, the forward field of the rotor 
induces an emf at f, = @,/2, and, travelling at the same 
velocity as the fundamental negative-sequence field, com- 
bines, with the latter. In the same winding, the backward 


field of the rotor induces a third-harmonic emf, E3, at 
a triple frequency, f; = 3@,/2n = 3f. The effect it produces 
depends on the impedances in the stator circuits. When 
the stator winding is connected to a negative-sequence set 
of voltages via large external impedances, the third-harmonic 
currents flowing in those impedances are negligible in com- 
parison with the fundamental current, and their effect 
may be neglected. The armature winding is traversed solely 
by the negative-sequence currents at the fundamental fre- 
quency. Because Z,, and Z,, are small in comparison with 
the external impedances, the negative-sequence currents 
are independent of the position that the rotor takes up 
relative to the field, 


I, = I aa = 2g 
Combining with the fundamental voltage, V,, the third- 


harmonic emf, E — Vs: distorts the waveform of the termi- 
nal voltage in such a way that {when the rotor is aligned with 
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the field along the d-axis, the voltage is 

Vz + Vs = Voa = —Zeals 
and when the rotor is aligned with the field along the q-axis, 
the voltage is 

V. — Vs = Vag = —Zagls 

In an analysis of unbalanced operation, only the funda- 

mental negative-sequence current and voltage are consider- 
ed, namely the current J,, and the voltage given by | 


V, = (Vea = Voq)/2 = = a (Zea F Zaq)/2 


which is found from the set of equations given earlier. The 
negative-sequence impedance is equal to the ratio of the 
negative-sequence voltage to the negative-sequence current 


Z, = Ry + {X_ = —Volly = (Zra + Zaq2 (64-4) 


Using Eqs. (61-2), (61-3) and (61-4), we can readily deter- 
mine the resistive and reactive components of the negative 
sequence impedance in the case of large external impedances 
in the armature phases. 

Conversely, when the stator winding is connected to a 
negative-sequence set of voltages through small external 
impedances (as compared with Z.4 or Z,q), the stator termi- 
nal voltage is the same as those voltages and remains un- 
changed, whatever the position of the rotor relative to the 
field, 


V, ma Vad = Voq 
With respect to the third-harmonic emf, Es, the armature 
winding is short-circuited (the system and external impe- 
dances are small). Therefore, in the armature winding E; 
gives rise to third-harmonic currents I 3 which reduce the 
third-harmonic terminal voltage to zero, V; = 0. Combining 


with the fundamental currents, J,, the third-harmonic 
currents distort the waveform of the armature current in 
such a way that when the rotor is aligned with the field 
along the d-axis the current is 


I, a5 I, = Iya om —V,)Zya 
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and when the rotor is aligned with the field along the q-axis, 
the current is 


I, a e = ie = =ViIFes 


Using the above equations, the fundamental current may be 
written as 


Ty = (ga + Dnq)/2 = —(Vo/2) (A/Zoq + 1/25) 
and the negative-sequence impedance may be defined as 


2 cour 2ZoaZ 

Z_= Rot jXe= —Vallg =a (64-5) 
Using Eqs. (61-2), (64-3) and (61-5), we can find the 
resistive and inductive components of the negative-sequence 
impedance when the armature phases contain small external 
impedances, such as when a*machine is connected to an 
unbalanced, infinite ‘system. ° 
When the rotor is balanced 
and Zoq % Zoq, the negative- 
sequence impedance will be 
the same in either of the two 

above cases, 


Za =R, + [X_, = Zea = Zaq 


In per unit, X, is 0.12 to 0.18 
for nonsalient-pole machines 
andf"0.2 [to 0.4 for salient- 
pole machines (with indirect 
cooling used in either case). 
In calculating negative-se- 
quence impedance, R;refersto Fig. 64-2 Direct- and quadra- 
the total resistance of the field _ ture-axis equivalent circuits of 
winding (that is, including # synchronous machine for ne- 
the resistance “of the exciter Bre svoedaniar carer 
armature or the damping resis- 
tor). All the resistances and reactances involved in Eqs. 
(61-2) and (61-3) and in the diagram of Fig. 61-2 must be 
une with allowance for current crowding which occurs 
at 27. 
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61-4 Zero-Sequence Impedance 
of the Armature Winding 


The zero-sequence currents are the same in all the phases, 


that is, [yg = Tag = I po = Ico. The fundamental pulsating 
fields (those with the fundamental number of pole pairs, p) 
produced by the zero-sequence phase currents are displaced 
from one another through 120° (electrical) and cancel out. 
This leaves only the mutual field with a number of pole 
pairs equal to 3p, 9p, 15p, 
etc., associated with the odd 
spatial harmonics of the phase 
mmfs with a number of pole 
pairs equal to vp and with a 
harmonic order which isa mul- 
tiple of three, v = 3 (triplen 
harmonics). The largest con- 
tribution comes from the mu- 
tual field with 3p pole pairs. 
Its lines for p = 1 are shown 
in Fig. 61-3 (as is seen, this 
is a six-pole field). 

The zero-sequence mutual 
inductive reactance, "Xq(q), 
; owes its existence solely to the 
Fig. 61-3 Magnetic tield set up — field set up by triplen mmfs. 
pyr tere seuuenee a unroniy Because these mmfs and the 

associated flux linkages are 
small, Xq9) is a small fraction of, X,, the positive-sequence 
mutual reactance. The zero-sequence leakage reactance, 
X (9), is likewise smaller than X,, the positive-sequence 
leakage reactance. The point is that, because of short- 
pitching (chording), the other phases buck the leakage flux 
linkage of a given phase in the case of zero-sequence cur- 
rents and boost it in the case of positive-sequence currents. 
The total zero-sequence phase reactance is the sum of the 
two terms defined above, 


Xo = Xacoy + X ao) 


In two-layer, short-pitched windings, X, is ordinarily 
a little smaller than the positive-sequence leakage react- 
ance, X, ~ Xq. In per-unit, X, is 0.05 to 0.08 in in- 
directly cooled, nonsalient-pole machines, 0.08 to 0,16 in 
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directly cooled, nonsalient-pole machines, and 0.07 to 
0.40 in indirectly cooled salient-pole machines. 

The zero-sequence field only links the damper winding 
(its linkage with the field winding is negligible). The cur- 
rents induced in the damper winding by the zero-sequence 
field somewhat reduce X,. The zero-sequence phase resistance 
differs very little from the positive-sequence resistance 
R, ~ R,. This is because the additional losses in the dam- 
per winding owing to the currents induced in it by the zero- 
sequence field are small in comparison with the ohmic losses 
in the armature winding. 

The total zero-sequence impedance per phase is 


Zo = Ry + iXo (61-6) 


61-5 Unbalanced Operation 
of a Synchronous Machine 


Under unbalanced operating conditions, the phase voltages: 
are defined as the sum of PS, NS and ZS voltages associated 
with currents of the corresponding phase sequences: 


Va = Vas + Vag? Ving 
Vs = Vas + Vin + Vii (61-7) 
Ve = Ves ++ Vex + Veo 
where 
Vian = Vai? 
Vor = Vai 
Vpn = Vaga 


Vog = Vana” 


V 0 = Veo cam Vao 


Contributions to the positive-sequence voltage come from 
the field set up by the field (excitation) current and the 
field set up by the positive-sequence armature currents 
rotating at synchronous velocity. The equation for the 
positive-sequence voltage is written in the same manner as 
for balanced synchronous operation (see Chap. 55). It can 
be written with and without iron saturation. If the magnetic 
circuit is unsaturated, the phase A positive-sequence voltage 
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will be given by 


Var = Fay —Zlay (61-8) 
where 
Bas = E; 
is the excitation voltage of phase A, and 
Z, = R, + jX, 


is the positive-sequence impedance from Eq. (61-1). 

The phase A negative- and zero-sequence voltages are 
produced only by currents of the corresponding phase se- 
quences: 


Vieg =F =e (61-9) 
Vig SS Zl ko (64-10) 

The PS, NS and ZS voltages of the other phases can be 
found from the relations explaining Eq. (61-7). 

Using Eqs. (61-7), we can write the total phase voltages 
in terms of #;, the phase A excitation emf, and symmetrical 
current components: 

Via = Ey — Zl 41 —Zol a2 — Zol ao 
Vy > (Ey oz ZL 41) a — Zol p2— Zoling (61-11) 
Vo=(Ey— ZiT a1) @— Zak o2—Zol co 
where 
E; — “Za, = Var 


Equations (61-11) could be used to construct a voltage 
phasor diagram for unbalanced load. Unfortunately, it 
would be rather cumbersome. It is simpler to construct 
a combined voltage phasor diagram for unbalanced load 
(as shown in Fig. 61-4) which corresponds to Eqs. (61-12) 
deduced from Eqs. (61-11) upon multiplying the second 
line by a@ and the third line by a?: 


Va = Pee OC PUG 
QV y= BZ Zeal Ful ya (61-12) 


aV¢ = Ey—Zla— Zo0?I cn — Zo0*I co 
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where 
E; es Zl ar = Vai 
In the case of a balanced load, 
Va = aV 5 = aV¢ = Vai 


The combined diagram shows how much Vin av », and 





Fig. 61-4 Combined voltage phasor diagram of a _nonsalient-pole 
synchronous generator operating into an unbalanced load (neglecting 
saturation, R = Ry, = Ry = 0) 


aV¢ differ in the case of an unbalanced load and which 
currents are responsible for this difference. 


61-6 Parallel Operation with an Unbalanced System 


When a synchronous machine is connected to an infinite 
system, the operating conditions can be specified by giving 
the unbalanced system voltages 


Vas a =Vi 
Ves = —Vp 


Ves = —Ve 
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From them, it is an easy matter to find the symmetric com- 
ponents of the terminal voltage. Also, the magnilude and 
phase of the positive-sequence current in one of the phases, 


say, I a1, and the angle @ between Vas and I Ai must be 


specified. The magnitude and phase of 7,4, depend on the 
duty in which the machine is running, and the active and 
reactive power it delivers or absorbs. The above data are 
sufficient for the analyst (or the designer) to determine the 
required E; and J;, and also the negative- and zero-sequence 
currents. 

The phase A field emf is given by 


E, aes Van + BT as 
where 
Z, = Ry + jX, 


is the armature impedance whose components in a nonsa- 
lient-pole machine are 
R, = R 
and 
X,=Xo+ Xa 


whereas for a salient-pole machine they can be found from 
the specified V,4,, 74, and g, as explained in Chap. 55. 
The negative- and zero-sequence currents are 


Tap i —VailZ, 
and 


Tig = ViaslZa 


In the rotor circuits, the negative-sequence field induces 
appreciable second-harmonic currents which may lead to 
a prohibitive temperature rise of the rotor. Therefore, 
whether or not a machine can safely be operated at a given 
voltage unbalance depends on the magnitude of negative- 
sequence currents. For long-term operation of large machines, 
the per-unit negative-sequence current should be less than 
0.1 or 0.2, that is, J,. = J,/In <0.1 to 0.2. 

A still lower limit is set for the negative-sequence voltage 


Vo = | Zuo |Le2 < O11 Zy2 | to 0.2 | Zao | 
from 0.015 to 0.05 


Ch. 61 Unbalanced Operation 404 


because usually 
| Zuo | © Xgo = 0.15 to 0.25 


This implies that a synchronous machine can operate in 
parallel with a system for a long time only at practically 
balanced voltages, when the negative-sequence voltage is 
such that 
Vuo/Vax = 0.015 to 0.05 
The positive-sequence voltage is always very close to its 
rated value, that is 
Var = 1.0 


61-7 Operation of a Synchronous Generator into 
an Isolated Unbalanced Load 


In this case, unbalanced operating conditions can be spe- 
cified by giving an unbalanced set of load impedances 


ZaFZpFLe 
and their connection diagram. 


Suppose that the load impedances are connected in a star 
whose neutral point is brought out to the neutral point of 





- Cc 
7 I, (a) &’ ( G () 


Fig. 61-5 Connection to an unbalanced load: 


(a) general case; (b) single-phase fault to ground; (c) two-phase short- 
circuit; (d) double single-phase fault to ground 


the armature winding in the generator (Fig. 61-5a). Then 
the phase voltages of the armature winding may be written 
in terms of the load impedances and phase currents as 


Va ee 
Va Zu (61-13) 
VerloZe 


26—0240 
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Considering Eqs. (61-11) and (64-13) together, expres- 
sing the currents in Eq. (61-13) in terms of symmetrical 
components, and deeming E; = E; fixed in advance, the 
set of equations thus obtained can be solved for the sym- 
metric components of currents. 

The equations for symmetric components of currents are 
the simplest to write and solve for an unsaturated, non- 
salient-pole machine, where Z, = R, + jX, is fixed in 
advance and independent of the angle f. 


Ey =(Z14+Za) lay (Z2+Za) Lia-H(4p4+2a) ioe 
Ea? = (2,4 Zs) alas + (Za-+ Zs) alas +(Z9+ Zs) Lay 
Eya= (21+ Ze) ala, + (22+2Zc) a?l a» + (Zo+Zc) ae 


(64-14) 
Hence, 
Ta, =1D/D, Ig, =D,/D, Tay = Dy/D (61-15) 
where 


 Zy+Za Zot+Zy Zy+Za~ 
D=| (Z44+Zs3)a? (Z22+2Z3)a Zo+Zyz 
(Z4+Ze)a (Zg4+Zc)a* Zy+Ze _ 


is the determinant of Eqs. (61-14). 

The determinants D,, D, and D, are derived from the 
determinant D upon replacing the column of the coefficients 
of the unknown current by the column of the free terms E,, 
£,a* and E;a. For example, D, is derived from D by replac- 
ing the column (Z, + Z,) with Z;, the column (Z, + Z 3) a? 
with E;a?, and the column (Z, + Zc) a with E,a. 

Once the currents are found, the corresponding voltages 
and their symmetric components can be obtained from 
Eqs. (64-41). 


61-8 | Unbalanced Steady-State Short-Circuits 


(1) Single Phase-to-Ground Fault (Fig. 64-5b). This is 
a special case of unbalanced load, where Z,4 =O and Zg 
= Zo = oo. However, in order to find the fault (or short- 
circuit) current, it is simpler to use Eq. (64-11) and not 
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Eq. (61-44), because V, = 0, 2 =Ic = 0, and E, = Ej. 
The first step is to write the symmetric components of 
currents in terms of the unknown fault current for phase A 


an > (la aps is af T¢)/3 =. Lis 
la = (T4 + Ipa + Ica?)/3 = 14/3 
Tao = (Ia t Ina? + Ica)/3 = I,/3 


Now, using Eq. (61-11) for phase A, it is easy to find the 
single-phase fault current: 


| a 

A 2,422,426 

ee 3Ey (61-46) 
A Xi + Xe+ Xo 


(2) Phase-to-Phase Fault (Fig. 61-5c). In this form of 
fault (also known as two-phase fault) the line voltage turns 
to zero 

Via = Ve on: Va = 0 


Also, the fault current in phases A and B is the same, whereas 
phase C remains unaffected: 


The symmetric components of currents may be written in 
terms of fault current as 


Tas =F(i4+F,)=0 
Las =# (1a) = (L4/ V3) exp (— 730") 
Tgg= 74 (1a) =(I4/ V3) exp (730°) 


i TA,a? = can ie 


Igo = La2a= —Lai 
26% 
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Now, using Eqs. (61-11), we can write an equation for 
the line voltage, Vaz 


Vaz = — Va = E; (a — 1)—Z, G74) 
—Z, (Liss =) =0 
where 
ire Oe aos ge ats 
| nee pee ey a 2g 
1—a?=Y 3exp (j30°) 
On solving the above equation, we get the phase-to-phase 
fault current 
7, — V3 Er exp (30°) 
# 2,12, 
Ta V 3 Eyl(X,+X2) (61-47) 
(3) Double Phase-to-Ground Fault (Fig. 61-5d). In this 
form of fault, two phases are faulted to ground, so that 
Va = 0@ and Ve = 0 
The phase C current is zero, Jc = 0. The symmetric com- 
ponents of currents can be expressed in terms of an equal 
fault current in phases A and B: 
Tay = (La + 1,)/3 
Lic (la + al g)/3 
Tar = La + oT 5)/3 
Solving the equations for V a =O and V a = 0, derived 


from Eqs. (61-11) and neglecting the resistive components 
of Z,, Z, and Zy, the double phase-to-ground fault current 


is found to be 
7, = — TEL V3 (Kee 730" + X07") 
e XiXo+XoX1+X2Xo 


_ V3Ey V XIFXEEXXy 
a CER ES ye Gast) 
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462 Synchronous Machines 
of Soviet Manufacture 


62-1. Turbogenerators 


These are nearly always two-pole, 3000-rpm, horizontal- 
shaft, nonsalient-pole machines. Turbogenerators with rat- 
ings under 30 MVA use indirect air cooling. Air is circulated 
in a closed-circuit ventilation system, absorbing heat from 
the active parts and giving it up in water-cooled heat 
exchangers. A sectional view of an air-cooled turbogenerator 
is shown in Fig. 51-12 (see Sec. 54-12 for more detail). 

A closed-circuit ventilation system (see Sec. 33-3) may 
use not only air, but also hydrogen which compares favour- 
ably with other gaseous coolant. With a machine, it is 
maintained 97% pure, the remaining 3% being water vapour 
and air. At a pressure of 0.05 x 10° Pa (gauge), this mixture 
has a density which is one-eighth of that of air. The heat 
transfer coefficient from the cooling surface to hydrogen 
is 1.35 times the figure for air, and the thermal conductivity 
is about five times that of air. Because of this, indirect 
hydrogen cooling offers the following advantages. 

4. Friction and windage losses are reduced to about one- 
eighth. In turbogenerators rated at 25 to 100 MW, these 
losses account for 25% to 50% of the total losses, so the 
efficiency is improved by 0.9 to 1.0%. 

2. The temperature gradients due to gas layers in the 
insulation” and also between the insulation and the slot 
sides are practically non-existent. The heat transfer coef- 
ficient of the insulation is improved by about 30%. Coupled 
with the improved heat transfer, this permits the rating 
of turbogenerators to be raised by about 20% for the same 
temperature rise and the same dimensions of the stator and 
rotor windings. 

3. The insulation is more reliable and durable, because 
there is no oxidation, dirt or dampness, and also because 
a corona discharge in a hydrogen atmosphere is less detri- 
mental to the insulation than ‘in ‘air. 

4, Since hydrogen will not sustain combustion, there is 
ne risk of a fire breaking out in the windings. 

5. Hydrogen cooling systems require smaller coolers 


than for air. 
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Unfortunately, a mixture of 7% to 70% hydrogen and 
air presents an explosive hazard. Therefore, to avoid any 
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Fig. 62-1 Hydrogen shaft seal: 
1—rotor shaft; 2—gland; 3—bab- 
bitt; 4—pressure springs; 5—laby- 
rinth; 6—gasket 


explosion risk, the hydro- 
gen inside the machine must 
be maintained extremely 
pure and at a slightly 
excessive (positive) pres- 
sure (the minimum figure 
is 0.05 x 10° Pa (gauge). 
This will eliminate ingress 
of air through the inavoid- 
able clearances and the 
shaft seals (Fig. 62-1). 

The frames of hydrogen- 
cooled machines are built 
sufficiently robust to with- 
stand the pressure of an 
explosion, if any should oc- 
cur. With a margin of safety, 
the frames and end-shields 
are built for a pressure of 
8 x 10° Pa. 

Common practice in the 
USSR is to supply hydro- 
gen in cylinders where it 
is held compressed to a pres- 
sure of about 150 x 10° Pa. 
Water-cooled heat exchang- 
ers are built either into 
the stator frame (as in 
Figs. 62-2 and 62-3) or into 
the stator end-shields (as 
in Fig. 62-9). 

The manner in which 
hydrogen is circulated in- 
side a machine will be clear 
from reference to Figs. 62-5. 
Hydrogen is admitted into 
the machine through a 


multiplicity of inlets. Figure 62-5 shows a six-inlet hydro- 


gen cooling system. 


In indirectly cooled turbogenerators, the rotor is cooled 
by hydrogen from the outside. Because of this, there exist 
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-2 Sectional view of.a 30-MW, 3000-rpm, turbogenerator using indirect hydrogen cooling (all dimensions 


Fig. 62 
in’ mm) 
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marked temperature gradients in the slot insulation. It 
would seem that the temperature rise of the windings could 
be lowered and, as a result, the power rating. of machines 
for the same size could be improved by using hydrogen at 


1760 1760 





1700 mm'to 
generator axis 


Fig. 62-3 Cross-section through a 30-MW, 3000-rpm turbogenerator 
using indirect hydrogen cooling (all dimensions in mm) 


a high pressure. This however only leads to a lower tempe- 
rature gradient from surface to coolant and a lower tem- 
perature of the coolant (roughly in inverse proportion to 
pressure), but leaves unaffected the temperature gradients 
at the other places, as is the case with’ indirect cooling. The 
likely increase in power rating for indirectly cooled machines 
using hydrogen at an elevated pressure can be assessed 
from Table 62-41. 
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Table 62-1 





Hydrogen pressure, xX 10° Pa 0.085 O.5 14.05 2.4 


Load ratio (load at 0.035 x 105 Pa , 
taken as reference) 1 4.07 4.45 4.25 


‘In turbogenerators using indirect hydrogen cooling, the 
electric loading may be raised to a higher value, A = 
7.3 X 10* to 8.0 x 10* Am-}. 

’ For turbogenerators indirectly cooled by hydrogen at 
a pressure of 0.05 x 105 Pa (gauge) and using rotors of 
maximum permissible dimensions (1.1-1.15 m in diameter 
and 6.5 m long) the limit of power rating is set at 1450 MW. 

An increase in hydrogen pressure used for indirect cooling 
does not lead to a decrease in temperature gradient between 
slot insulation and core iron. Therefore, the rise in pressure 
to about 2 x 105 Pa (gauge) can raise the limit of power 
rating for turbogenerators to only 200 MW. 

Any further decrease in temperature gradient from the 
‘winding to the coolant at constant power output or an 
increase in power output at constant temperature rise is 
only possible with direct cooling. This eliminates the tem- 
perature gradient in the insulation, and even at a pressure 
of 0.05 x 105 Pa (gauge) the temperature rise of the winding 
is not over 50% of the figure with indirect cooling. At a 
pressure of 2 x 105 Pa (gauge), the temperature gradient 
is as low as 20% of the figure with indirect cooling. 

If the temperature rise be maintained unchanged, the 
power rating can be raised by a factor of VY 100/20 ~ 2.4, 
that is, to about 350-500 MW. 

As is seen from Table 62-2, the limit of power rating as 
fixed from considerations of temperature rise varies with 
hydrogen pressure in a greater proportion than in the case 
of surface cooling. 





Table 62-2 


‘Hydrogen pressure, X 105 Pa . 
(gauge) 0.085 0.7 41.4 2.4 2.8 4.2 


Total Powers % of power at 
2.4 4105 Pa 40 62 83 400 412 4123 
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Liquids, such as water and transformer oil, abstract 
heat better than hydrogen. Given the same temperature gra- 
dients and the practically acceptable flow rates of the 
coolant in ducts, transformer oil can withdraw 5.5 times 
and water, 41.7 times the amount that can be abstracted by 
hydrogen at a pressure of 2.0 x 105 Pa (gauge). When 
applied to the stator winding, liquid cooling makes it pos- 
sible to reduce the cross-sectional area of ducts, to raise 
the current density in the winding (if this is warranted by 
economic considerations), or to reduce (to a half or even 
to a third) the temperature rise of the winding, if the current 
density is held at the previous level. In the latter case, 
a reduction in winding temperature leads to a marked de- 
crease in the resistivity and major losses of the winding. 

However, the use of liquid cooling for the stator winding 
only does not permit any further rise in the power rating 
of a machine, because it is limited by the rotor. One way 
to raise the power rating to 1000 MW and more is to cool 
both the stator and rotor windings by distilled water. 

Another advantage of direct cooling in turbogenerators 
is a substantial increase in electric loading (Table 62-3). 


Table 62-3 Electric Loading in Directly Cooled 


Turbogenerators 
Pr, MW 100 200 300 500 800 
A, kA m7! 110 135 150 175 200 


At the time of writing, four basic types of indirect cooling 
systems for turbogenerators were in use in the Soviet Union. 

(1) Axial systems for: the stator and rotor windings 
and the stator core, using hydrogen at elevated pressure 
(Fig. 62-4). 

(2) Multiple-inlet radial systems using hydrogen at ele- 
vated pressure, with the rotor winding directly cooled and 
the stator winding indirectly cooled. 

(3) Multiple-inlet radial systems using hydrogen for 
the stator core and the rotor winding, combined with a water 
cooling system for the stator winding (Fig. 62-5). 

(4) Liquid (oil or water) cooling systems for the stator 
and rotor windings combined with air or hydrogen cooling 
for the stator and rotor cores and the inner space of the 
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machine. Sometimes, the stator core is liquid-cooled as 
well. 





Fig. 62-4 Axial system of direct ventilation for a turbogenerator 


In the first type of systems (see Fig. 62-4), hydrogen is 
made to circulate inside the machine by a centrifugal com- 
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Fig. 62-5 Multiple-inlet radial system of direct hydrogen cooling for 
the stator core and rotor winding combined with direct liquid cooling 
for the stator winding: 


1I—axial flow fan; 2—water-cooled heat-exchanger; 3—high-pressure compart- 
ment;¥4—cold-liquid header; 5—hot-liquid header 


pressor, J, mounted on the rotor shaft. From the high- 
pressure compartment, 3, hydrogen is distributed in the 
following pattern: 
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(a) Some hydrogen enters inlets in vent tubes embedded 
in the stator bars (see Fig. 62-6), cools them, and enters 












Fig. 62-6 Section through the 
stator of a turbogenerator using 
axial direct hydrogen cooling: 
1—hydrogen line; 2—axial vent 
_ducts in core; 3—copper conduc- 
tors; 4—slot insulation 





Fig. 62-7 Circulation of hydro- 
gen in the rotor-winding ducts 
of a turbogenerator using axial 
direct cooling 


a hot-gas compartment, 4 (see 
Fig. 62-4). 

(b) Some hydrogen enters 
the axial ducts in the stator 
core, cools it, and enters com- 
partment 4 (see Fig. 62-4). 

(c) Some hydrogen finds its 
way under the binding rings 
on the rotor from both ends of 
the machine, enters the rotor 
conductors (see Fig. 62-7), 
cools them, and is discharged 
through radial openings into 
the gap whence it goes to 
compartment 4 (see Fig. 62-4). 
From compartment 4, the 
hydrogen passes through coo- 


pirection 
of rotation 





Fig. 62-8 Rotor winding in a 
turbogenerator directly cooled 
by hydrogen drawn from the 
gap 

i—hydrogen inlet to winding ducts; 


2—hydrogen outlets from winding 
ducts 


ler 2 and is conveyed by ducts to compartment 5 at the inlet 


to the compressor. 


In the second and third types (see;Fig. 62-5), hydrogen 
circulates inside a machine in about the same manner as in 
indirectly cooled machines (see above). The only difference 
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is that the hydrogen entering the gap through radial ducts 
in the stator not only cools the rotor from the outside, but 
is scooped and conveyed inside the rotor (Fig. 62-8). Then, 
on passing through a multiplicity of inclined ducts on the 
rotor coil surface, it cools the coil from both sides and is 
discharged into the gap. 
The area where hydrogen is 
admitted inside the rotor 
coincides with the area where 


aS | acs ) 

hydrogen emerges from the 

WZZZZZZEA i i 7 

AN SSS radial vent ducts in the sta 
S tor. The area where hydrogen 

i i i 

BSS I|ZZZ2221 Ss discharged into the gap 

1s coincides with the area where 

ViLLLLe> SSSyss 

ed aN hydrogen enters the stator 

SSigzs ducts. The stator winding is 


liquid-cooled. 

The only difference between 
the second and third types 
is that inthe former case the 
stator winding is indirectly 
I Eel cooled by hydrogen, whereas 
irre in the latter case the stator 
winding is cooled by water 
flowing in the hollow stator 
conductors (Fig. 62-10) which 
Fig. 62-10 Stator slot with wa- communicate via insulating- 
ter-cooled conductor material tubes with a cold- 

liquid header, 4, and a hot- 
liquid header, 5 (see Fig. 62-5). From header 5, the liquid 
passes through a cooler and enters header 4 again. In 
Fig. 62-41, the arrangement of water inlets and outlets 
is shown in more detail. 

The fourth type has two modifications as explained above. 
In some turbogenerators, the stator and rotor windings are 
water-cooled, whereas the stator core and the inner space 
of the machine are cooled by hydrogen at a pressure of 
3 x 105 Pa. In some other turbogenerators, the stator space 
is filled with oil, the rotor is separated from the stator 
by an insulating cylinder, and the space around the rotor 
is filled by rarefied air. In this arrangement, the stator 
winding and core are cooled by oil, and the rotor winding 
by water. 
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62-2 Hydrogenerators and Engine-Driven 
Synchronous Generators 


Hydrogenerators. As has already been explained. these 
electric machines are driven by hydraulic (or water-wheel) 
turbines. 

As a rule, they have from 
8 to 120 poles, and rotor is 
always of salient-pole design 
(see Sec. 541-3). Both hori- 
zontal and vertical-shaft arran- 
gements are used, the former 
for high-speed machines and 
the latter for low-speed machi- 
nes. In the vertical-shaft ar- 
rangement, the dead weight 
of the rotating parts of the 
generator and turbine and also 
the pressure of water on the 
water wheel of the turbine are 
carried by a thrust (or axial) 
bearing. The thrust bearing 
is built into a pad which tran- 
sfers the vertical force to the 
foundation. Ifthe rotor is mo- 
unted below the thrust bearing, 
this is the ‘suspension’ form f£ 
of rotor construction (see 64 
Fig. 54-2). If the thrust bear- § 
ing is located below the gene- 
rator, this is the “umbrella” 
form of rotor construction (see 
Figs. 62-12 and 62-45). 

Hydro-electric generators Fig. 62-11 Connection of stator 
mostly use indirect aircooling. bars to cold- and hot-water dis- 
Forsmallhydrogeneratorswith ‘tibution tubes: 
ratings not over 4 MVA, pald water distabution tunes atlex: 
open-circuit self-ventilation pie mnsulating hoses, 4 copper va: 
may be used (see Fig. 51-2). conveying water to winding; 6—elec- 
Larger hydro-electric genera- ipl Sommestion netween bar noaales; 
tors are built with closed- 
circuit self-ventilation systems, with air cooled in heat 
exchangers (see Fig. 62-12). 
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W, 15.75-kV, 100-rpm hydro-electric generator 


Fig. 62-12 Umbrella-type 150-M 
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Table 62-4 Electric Loading of Indirectly Air-Cooled 
Salient-Pole Hydrogenerators 


Spr/2p, kVA 140 50 200 1000 2000 5000 and more 


Electric loading, 


Alm: 
p> 10 38 45 50 64 67 70 
pod 32 40 45 49 50 = 
p=2 28 32 36 A 45 —_ 


In more detail the construction of indirectly air-cooled 
hydro-electric generators is described in Sec. 54-3. Power 
ratings per pole and electric 
loading (linear current density) 
are listed in Table 62-4. 

A more recent trend has- 
been to use direct cooling for 


hydrogenerators, especially for * Be 
machines in the top power, Was 


output bracket. Hydrogen is 
used because the machines 
cannot be properly sealed 
against leaks. The best coolant 
for hydrogenerators is distilled 
water. Given the same prin- 
cipal dimensions, the power 
rating of a hydrogenerator 
totally water-cooled can be fig, 62-13 Pole of a hydro-elec- 
more than doubledincompari- tric generator-directly cooled by 
son with indirect cooling. The water: ite 
maximum power rating may faites insulation: 2--boner 
be increased in the same pro- insulation; 4—rotor pole;’ 6—rotor 
portion. The direct water cool- rim (yoke); 7—rotor-rim insulation 
ing system for the stator wind- 
ing is built along the same 
lines as for turbogenerators 
(see above). 
A sectional view of a pole 
in a hydrogenerator with a 
water-cooled stator winding is 
shown in Fig. 62-13. The dis- 
tilled water that is used to pig. 62-14 Water cooling of the 
cool the rotor is allowed to stator core 
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ype, 500-MW, 15.75-kV, 93.8-rpm hydro-electric generator installed at Krasnoyarsk 


i—stator; 2—rotor; 3—upper [spider; [4—auxiliary generator; 5—auxiliary-generator exciter} @—regulator generator; 7—thrust 


Fig. 62-15 Umbrella-t 
bearing; 8—air cooler 


Hydro (USSR): 
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flow in the ducts provided within the field conductors. For 
the flow of water, the coil turns are connected in series. 

In hydrogenerators with water-cooled stator and rotor 
windings, the stator core may likewise be cooled by water 
(Fig. 62-14). For this purpose, openings are punched in 
core laminations, 7, to accommodate tubes 2 which carry 
cooling water. To avoid currents that might be induced by 
the pulsating field, the water-carrying tubes must be located 
within the shortest distance of 
the core surface. As a way of 
minimizing the thermal resist- 
ance, the tubes are press- 
fitted in a fully assembled 
core. For the flow of water, the 
tubes are connected in series- 
parallel. Some of the heat 
dissipated in the machine is 
abstracted by the air in the 
gap and by the water that 
cools the stator winding 
through the insulation. This 
somewhat reduces the tooth 
temperature. 

Apart from cooling systems 
which use only water, there 
are mixed direct cooling sys- 
tems. In them, the stator is 
directly cooled by water, and Fig. 62-16 Direct air cooling"of 
the stator winding, {directly a rotor winding in a hydro- 
by air. In such cases, the sta- Shee Mere: BEROE ATO. 
tor core is likewise cooled by 
air. The most popular arrangement for the field winding 
is one in which the cooling-air ducts, 3 (Fig. 62-16) run 
across the field winding. 

To form these ducts, each conductor is made up of two 
strands one of which, 2, has a groove that forms a duct, and 
the other, 7, is constant in cross-section. Air entering the 
transverse ducts comes from ducts, 8, in the rotor rim, located 
opposite a hollow, 6, in the pole, 5. There is a circular duct, 
4, which serves to distribute cooling air uniformly among 
the transverse ducts. The pressure required to circulate 
air is supplied by the centrifugal force of the air column 
between distance pieces 7 in the rotor rim ducts, 8, and 
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Fig. 62-18 Open synchronous m 
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in ducts 6 and 4. A fraction of the cooling air comes from 
the rotor-rim ducts into the inter-pole space where it is 
mixed with hot air from the transverse ducts and serves 
to cool the stator. Transverse ducts increase the cooling 
sun ate area of the rotor winding by a factor of 8 
to 12. 

Engine-driven synchronous generators. These are medium- 
sized generators direct-connected to reciprocating or inter- 
nal-combustion (Diesel) engines, intended for industrial 
use and small isolated power systems. 

Most frequently, they are salient-pole, horizontal-shaft 
units with two end-shield or pedestal bearings, with a totally 
enclosed (Fig. 62-17) or an open (Fig. 62-18) enclosure cooled 
by self-ventilation. The excitation system is usually of the 
direct type, with the exciter either driven by a V-belt 
or coupled to the generator shaft. Some engine-driven syn- 
chronous generators use a.c. exciters with static rectification 
(the voltage regulator unit is mounted on the generator 
frame). 


62-3 Synchronous Motors and Synchronous 
Condensers 


General-purpose synchronous motors of Soviet manufacture 
are available in several ranges and modifications. Some of 
them have a salient-pole, horizontal rotor carried in two 
end-shield (see Fig. 62-17) or two pedestal bearings (see 
Fig. 62-18). They may be enclosed or open with self-venti- 
lation. Some motors use direct excitation systems, with 
the exciter either driven by a V-belt or coupled directly 
to the generator shaft. 

Some of the Soviet-made synchronous condensers are pro- 
tected units with indirect air cooling and are intended for 
indoor installation. The cooling system is of a closed-circuit 
type, with the air cooled in water coolers installed in a pit 
beneath the machine. There are also synchronous condensers 
of totally enclosed construction (Fig. 62-19). They are cooled 
by hydrogen at a pressure of 10° to 2 x 105 Pa (gauge). 
Hydrogen is cooled in coolers built into the end bells of 
the stator, 
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63 Special-Purpose Synchronous 
Machines 


63-1 Elecfromagnetically Excited Single-Phase 
Synchronous Generators 


These machines have a single-phase armature winding 
(Fig. 63-4), its conductor spanning about two-thirds of 
a pole pitch. Such a winding may be visualized as formed 
by two phases of an ordinary three-phase winding connected 
in a star. Then, the operation of a single-phase machine 
may be regarded as the unbalanced operation of a conven- 
tional synchronous machine 
in which two phases carry 
a line voltage, 





V => Va B 
and a common current, 

I = Te = Js 
whereas the third phase is 
dead, 

Io = 0 
Fig. 63-1 Single-phase synchro- Let us analyze the events 
nous generator: taking place in a single-phase 


1—armature winding; 2—field synchronous machine, using 
winding; 3—damper bar; 4— the theory of unbalanced ope- 
damper-winding end Ting ration as applied to a three- 

phase machines (see Chap. 61). 
By this theory, the pulsating mmf is resolved into two 
equal-amplitude rotating mmfs, one of which is travelling 
at Q (in synchronism with the rotor), and the other at —Q, 
that is, in the opposite direction. The forward synchronous 
component of the armature mmf affects the excitation ficld 
as it does in a conventional synchronous machine. The 
backward synchronous component travels relative to the 
rotor at twice the synchronous speed, 22. Relative to the 
backward mmf, the rotor slip is equal to 2, so the emfs and 
currents induced in its damper and field windings are like- 
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wise at double frequency, 27. The useful synchronous elec- 
tromagnetic torque is produced only by the interaction 
of the synchronous field with the armature current. The 
backward synchronous field is detrimental. To minimize 
it, the rotor of a single-phase synchronous machine carries 
a series-shunt damper winding in which the bars and the 
short-circuiting end rings have a larger cross-section than 
they have in a three-phase synchronous machine. This type 
of damper winding has a reduced resistance and leakage 
reactance. The reduction in resistance leads to reduced losses 
in the damper winding, lower temperature, and improved 
efficiency of the machine. 

Because of low efficiency, higher cost, and inferior vibra- 
tion characteristics, single-phase synchronous machines are 
solely used to supply isolated loads. As a rule, their rating 
does not exceed a few tens of kilowatts, although there 
are units with ratings up to 50 MW for use on a.c. elcctric- 
traction railways. 


63-2 Reluctance Synchronous Motors 
A reluctance synchronous motor is a device with a salient- 
pole rotor without a winding and an excited winding on the 
stator which may be salient 
or non-salient. ‘ Vf 

Polyphase reluctance motors. 9 
In a polyphase (three- or two- 
phase) reluctance motor, the 
stator is similar to that in 
conventional synchronous ma- 
chines (Fig. 63-2). The events 
taking place in a polyphase 
reluctance motor can be ana- 
lyzed, using the theory of sa- 
lient-pole synchronous machi- 
nes, assuming that the field 
current is zero, 

I; = 0, E; — 0 

When a polyphase reluctance Fig. 63-2 Reluctance synchro- 
machine is connected to an 0US machine (motor mode of 
infinite system (which implies operation, Bor tenn o) 
a constant terminal voltage, 
V), the electromagnetic torque is given by Eq. (58-46) for 
¢ = E,;/V = 0. The torque is a function of the angle @ 
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between the d-axis of the rotor and the axis of the resultant 
field, ¥1, which in this case is solely set up by the armature 


current, J. 
For its operation, a reluctance motor depends on the dif- 
ference in permeance along the d- and q-axis of the rotor, 


Xq> Xq 
The electromagnetic torque acting on the rotor of a reluct- 
ance motor always tends to align its d-axis with the field. 


This can be proved by reference to the basic equation of 
energy conversion by electric machines 


Tem = (dW/dy)i=constant 
In a reluctance machine, 
W~ PL 
where ZL is the inductance of the armature winding and i 
is the armature phase current. As the d-axis of the rotor 
moves through an angle dy > 0, tending to line up with 


the axis of the armature mmf (or towards the field axis), 
the armature inductance goes up 


diZ>0 


because Lg > L,, and the energy stored by the magnetic 
field is incremented by 


dW = dL 


a 


As a consequence, 
Tem = (dW/dy) > 0 


and this implies that the electromagnetic torque is acting 
in the direction of dy and tends to line up the d-axis of 
the rotor with the field axis. In the motor mode of operation 
(Fig. 63-2), when the d-axis of the torque lags behind the 
field axis, 0<0, the electromagnetic torque operating 
on the rotor acts in the direction of rotation, T.em< 0. 
At R=0O and |@|= 1/4, the electromagnetic torque is 
a maximum, 
m,V? 


Lom, max — 72. (1/X q = 1/X 4a) 


In analyzing fractional-horsepower reluctance motors 
(especially, those with ratings of a few watts or less), it 
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is important to consider the effect of the stator resistance 
(see Sec. 58-5). It consists in a reduction of the maximum 
torque and the value of 0 at which it is observed, |8 |< 
< n/4. 

A major advantage of reluctance synchronous motors is 
a very simple construction (they have neither a field winding 
nor an excitation system). Unfortunately, they suffer from 
a vital shortcoming—they draw reactive power from the 
system to which they are connected. This can be seen from 





Tig. 63-3 Sectional views of the rotor cores used in four-pole re- 
luctance synchronous motors: 


(a) conventional core carrying a cast-aluminium damper winding; (b) sectionaliz- 
ed core carrying a cast-aluminium damper winding whose shaped bars form non- 
magnetic gaps 


Eq. (58-11), if we put « = 0. Because of this, three-phase 
reluctance motors are mainly used in low-power drives 
(a few tens of watts). 

Reluctance motors are started as induction motors, for 
which purpose their rotors carry an aluminium-cast, un- 
equal-pitch, short-circuited auxiliary winding (Fig. 63-32). 

As follows from the equation given earlier, the maximum 
torque could be increased by reducing Xqg and X,. This 
could in turn be done by increasing the radial gap length. 
This would, however, lead to an increased consumption of 
reactive power and impairs the power factor. 

A better way to improve the performance of reluctance 
motors is to sectionalize the rotor core by providing several 
nonmagnetic gaps in the path of the q-axis field, with no 
such gaps made in the path of the d-axis field. Whereas 
in the conventional design, X,/X, ~ 2, in a sectionalized 
rotor with its nonmagnetic gaps filled by aluminium bars 
(Fig. 63-30), the ratio Xq/X, rises to four or five. This 
markedly improves Tem, max» With the reactive power drawn 
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from the system held at its previous value. In terms of power 
factor and efficiency, three-phase reluctance motors using 
sectionalized rotors are comparable with induction motors. 
As a result, they can be used even where the required power 
output must be as high as several kilowatts. At its ends, 
a sectionalized rotor carries short-circuiting rings cast of 
aluminium integral with the shaped bars filling the non- 
magnetic gaps. The bars and rings form the starting winding 
of the machine. 

Fractional-hp, single-phase reluctance motors are widely 
used in automatic control systems, recording instruments, 
video and sound tape recorders. At starting and in running, 
the rotating magnetic field is obtained by the same methods 
as in single-phase induction motors. The most commonly 
used types are shaded-pole and capacitor-type reluctance 
motors in which the stator is built exactly as it is in similar 
induction fractional-hp motors (see Secs. 47-4 and 47-5). 

The rotor of a single-phase reluctance motor may be built 
similarly to that of a polyphase reluctance motor. Here, 
too, a sectionalized rotor core (see Fig. 63-3b) can markedly 
improve the starting and running performance of the machine. 
In contrast to induction single-phase motors, the auxiliary 
winding of a reluctance motor under operating conditions 
only affects the backward field and has no effect on the 
forward field. Conversely, the saliency has a marked effect 
on the forward field because it depends on the position of 
the rotor relative to the mmf. Its effect on the backward 
field can be accounted for in averaged terms. 

Another important factor is that the starting torque of 
a reluctance single-phase motor (especially, that of the 
capacitor type) at & =O depends on the initial position 
of the rotor axes relative to the axes of the main and auxili- 
ary windings. This is because the auxiliary winding has 
different values for the permeance and leakage inductances 
along the d- and q-axis. Given certain conditions, this 
factor may be the cause of cogging in capacitor-type motors. 

The difference in permeance and reactances along the 
d- and g-axis in the auxiliary winding adds a good measure 
of complexity to the electromagnetic processes that take 
place in a single-phase reluctance motor as compared with 
single-phase induction motors. Moreover, it makes the pat- 
tern of the rotating field still more dependent on the rotor 
speed at starting and the angular position of the rotor under 
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running conditions. Therefore, in a capacitor-type motor 
a nearly circular field can be obtained only under one par- 
ticular set of operating conditions, namely, at a certain 
definite rpm at starting or at a certain load in operation. 
In all other cases, the ellipticity of the field will be more 
pronounced than in similar single-phase induction motors. 
At starting and in running, a circular field can be obtained 
by varying the capacitance of the capacitors connected in 
the auxiliary-winding circuit, after the motor has pulled 
into synchronism. 

In shaded-pole single-phase reluctance motors, the field 
remains elliptical always, both at starting and in running. 
Therefore, shaded-pole, single-phase reluctance motors are 
inferior to capacitor-type reluctance motors in all respects — 
efficiency, power factor, and initial (static) torque. 


63-3 Claw-Pole Synchronous Machines 


Claw-pole synchronous machines differ from conventional 
synchronous motors by the construction of the field 
(rotor) core and the field winding. 
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Fig. 63-4 Claw-pole synchronous machine: 
1—N—pole disc; iets yoke; 3—-S-pole disc; 4—field winding; 5—armature 
U4 


core; 6—armature win 


Therotor core consists of three parts (Fig. 63-4), namely 
a yoke 2, adisc J with claw-shaped projections which serve 
asnorth (N) poles, and a disc 3 with claw-shaped projections 
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which serve as south (S) poles. The ring-shaped field winding, 
4, is placed between the claw-pole discs 7 and 3, and 
energized from an exciter via slip-rings. Excitation gives 
rise to a magnetic flux which encircles the field conductors 
as shown by arrows in the figure. The larger proportion 
of the flux emerging from the N poles crosses the gap, links 
the armature winding, threads the yoke, and goes back 
to the field structure across the gap between the armature 
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Fig. 63-5 Brushless, claw-pole synchronous machine: 


1—ring-shaped field windings; 2—armature winding; 3—armature core; 4—frame; 
5—end-shield; 6—shaft; 7—S-pole yoke; 8—S poles; 9—Npoles; 10—N-pole 
yoke; 11—end-shield 


teeth and the S poles. This is the mutual flux. The smaller 
proportion of the total flux goes directly from the N to 
the S poles without linking the armature winding. This is 
the leakage flux of the field winding. 

The best performance is shown by claw-pole machines in 
which the ring-shaped winding is stationary. Because such 
a design needs neither a sliding contact nor brushgear to 
supply the field winding, it is called the brushless type. 
A sectional view of a brushless synchronous generator with 
claw-shaped poles on the rotor is shown in Fig. 63-5, and 
its rotor in Fig. 63-6. Its field winding consists of two sta- 
tionary ring-shaped coils, 7, installed in recesses of the end 
shields, 5 and 77. The flux set up by the coil currents has 
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its path basically as shown in the figure, that is, from the N 
poles 9, across the gap, to the teeth of the armature core 3 
along the yoke and armature teeth, again across the gap 
to the S poles 8, through the S pole yoke 7, across the gap 
between yoke 7 and end-shield 5, through the end-shield, 
the frame 4, the other end-shield 17, across the gap between 
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Fig. 63-6 Rotor of a brushless, claw-pole synchronous generator 


end-shield 77 and the N pole yoke JO, and from yoke 10 
again to the N poles. The greater proportion of the field- 
winding flux links the armature winding and produces the 
mutual flux, and the remainder acts as the leakage flux. As 
the shaft 6, the pole yokes 7 and 70, and the poles 8 and 9 
rotate, the flux linkage with the armature winding (that 
is, the mutual flux) varies periodically and induces an emf 
in the armature. 

Brushless synchronous generators and motors are employed 
in cases where brushgear would be hard of access or main- 
tenance and where the machine must operate with high reli- 
ability for a long time under adverse service conditions. 
For example, such generators are used as sources of electri- 
city for railways cars. They come in ratings of 10 kW an? 
higher. 


63-4 Inductor Machines 


General. In an inductor machine, the armature and field 
windings are stationary, and the rotor is made of laminated 
steel and has a large number of teeth or, rather, notches 
but no winding. 

Energy conversion in an inductor machine is based on 
variations in the mutual inductance between the armature 
and field windings as the rotor notches past the stator 
teeth (see Sec. 20-4). 

In fact, any electric machine with a toothed rotor and 
with two windings of a suitable type wound on the stator 
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can be used as an inductor synchronous machine. Its mutual 
inductance (see Eq. (20-8)) is proportional to the number 
of rotor notches, Z: 


f = ZQ/2n 


With the field winding excited by d.c., the emf induced in 
the armature has the same frequency. The armature winding 
can be connected to an isolated load or to asystem operating 
at the same frequency. When connected to a system, an 
inductor machine can operate as a generator or a motor, 
according to the direction of the external torque applied 
to the shaft. 

In performance, inductor alternators (as they are usually 
called) and inductor-type synchronous motors do not differ 
from conventional synchronous machines. Their theory is 
based on the general mathematical description of energy 
conversion by electric machines, as outlined in brief in 
Sec. 18-2. 

As compared with a conventional synchronous machine, 
an inductor machine has a substantially larger size and 
weight. The point is that the flux in the toothed layer 
of the stator in an inductor machine varies only in magni- 
tude, whereas in a conventional synchronous machine it 
varies in both magnitude and direction. Given the same size 
and the same maximum tooth flux density, the peak value 
of the fundamental flux in an inductor machine is one-third 
to one-fourth of its value in a conventional machine. There- 
fore, the use of inductor machines is warranted only in cases 
where the desired frequency is difficult to obtain with a con- 
ventional multipole or claw-pole synchronous machine. 

According to the construction of the field winding, there 
may be heteropolar and homopolar inductor machines. In 
polyphase machines, the armature winding is always hetero- 
polar; in single-phase machines, it is more frequently 
heteropolar, although the homopolar design is also used. In 
either case, the stator may be salient or nonsalient. Within 
each design class, there may be a multiplicity of modifi- 
cations (with referenceito a single-phase machine, they 
are described in Sec. 20-4). As an example of a heteropo- 
lar design, we shall take up a machine with a salient-pole 
stator. 

In this design (Fig. 63-7), the field winding, FW, is 
held in the major slots of the stator and sets up a two-pole 
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flux (p = 1) whose lines emerge from the N pole of the stator 
in. zones JJ and III, cross the gap, enter the rotor core, and 
cross the gap in the reverse direction to enter the S pole of 
the stator in zones J and JV. The armature winding AW, 
is wound for the same number of poles as the field winding 















Fig. 63-7 Heteropolar inductur-type syncaronous machine 


and is held in the major slots of the stator, displaced from 
the field-winding slots by a quarter of a cycle. The number 
of rotor teeth is set at 
= 2pk 

where i is an odd integer (in Fig. 63-7, 2 =2x1x7= 
= 14). On their surface, the major teeth (in zones [-IV) 
have recesses between which minor stator teeth are formed, 
with an angular pitch equal to the rotor tooth pitch, 


a, = 2n/Z 


In all the zones, the same number of minor teeth is made 
(in Fig. 63-7, there are three minor teeth in each zone). 

As the rotor turns, the relative position of the teeth on 
the stator and rotor varies periodically. When the rotor 
takes up the position shown in Fig. 63-7a, the rotor teeth 
line up with the minor teeth on the stator in zones J and 
III, the gap permeance in those zones reaches a maximum 
value, and the excitation flux is oriented basically as shown 
by the full lines (the dashed lines show the flux whose path 
runs through low-permeance zones JJ and JV where the 
rotor teeth line up with the stator slots). When the rotor 
turns through a half of a tooth pitch, 


a7/2 = n/Z 
23-0240 
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and takes up the position shown in Fig. 64-7b, the rotor 
teeth line up with the stator teeth in zones JJ and JV, and 
the excitation flux is oriented basically as shown by the 
full lines. From a comparison of Fig. 63-7a and 5, it is seen 
that the direction in which the flux cuts the plane of the 
armature coil is reversed. 

When the rotor turns through another half of a tooth 
pitch, that is, an angle a /2, the flux pattern will be the 





Fig. 63-8 Homopolar inductor-type synchronous machine 


same as it was in the initial position shown in Fig. 63-7a. 
Thus, the flux linking the armature winding varies with 
a period 

T = a 2/Q 


which corresponds to the rotation of the rotor through an 
angle az. 

As an example of the homopolar design, we shall take up 
a machine with a toothed stator, which differs from the 
machine in Fig. 20-9 only in that its armature winding is 
located in the major slots. 

In this homopolar machine (Fig. 63-8), the ring-shaped 
field winding, FW, encircles the rotor shaft and is located 
between the end-shield and the stator and rotor cores. This 
winding sets up an axi-symmetric excitation flux. All of 
the flux (one of its lines is shown in the sectional view) 
links the field winding. From the rotor magnetized in north 
polarity, the flux goes back across the gap to the stator 
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magnetized in south polarity. ‘The magnetic circuit of the 
mutual flux linking the two sections of the armature wind- 
ing, AWZ and AW2, and the field winding, consists of the 
following parts: the rotor core RC, the main toothed gap, 
the stator core SC, the frame F, the end-shield ES, an 
auxiliary annular gap AG, and the rotor hub RH. The coils 
of the sectionalized armature winding are placed, as already 
noted, in the major parts of the stator core. The rotor core 
does not differ from that in the heteropolar machine shown 
in Fig. 63-7. It has Z = (Zmajor/2) k teeth, where Zmajor 
is the number of major teeth on the stator core, and k is 
an odd integer. In Fig. 63-8, Z = (4+ 2) xX 7 = 14. 

On their surface, the major stator teeth carrying the coils 
AW1 and AW2 have recesses between which minor stator 
teeth are formed, with an angular pitch equal to the tooth 
pitch of the rotor, az = 2n/Z. (In Fig. 63-8, there are three 
minor teeth in each zone between major teeth.) As the rotor 
turns, the relative position of the stator and rotor teeth 
varies periodically. When the rotor takes up the position 
shown in Fig. 63-8, the rotor teeth line up with the minor 
teeth in the zones encircled by the coils AW1. The gap per- 
meance in those zones reaches a maximum value; the flux 
is basically oriented as shown by the full lines, and links 
the coils AW1. The flux shown by the dashed lines produces 
a markedly smaller linkage with the coils AW2, because 
in the zones encircled by these coils the rotor teeth line up 
with the stator slots, and the gap permeance is a mini- 
mum. 

When the rotor turns through a half of a tooth pitch, that 
is, an angle «7/2 = n/Z, the rotor teeth line up with the 
stator teeth in the zones encircled by the coils AW2, and 
the flux linkage produced by these coils is a maximum, 
whereas the flux linkage produced by the coils AW/Z is 
a minimum. The armature flux linkage varies with a period 
T corresponding to the rotation of the rotor through an 
angle az. Therefore, as with the heteropolar design, 


T =a zi Q 
Because variations in the flux linkages with AWI and AW2 
are displaced in time by 7/2, that is, are in antiphase, the 
two armature sections must_ be connected in series opposi- 
tion. In each section, AW1 and AW2, the coils must however 
be connected in series aiding. 


28% 
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Inductor-type alternators. Originally, the inductor ma- 
chine went into use as a generator. In 1854, Knight took 
out a British patent for a machine which operated by the 
inductor principle. In 1877, Yablochkov invented a cylindri- 
cal-rotor inductor generator which bore a close resemblance 
to the machine as we know it today. 

With the advent of radio in 1895, inductor alternators 
came to be used as sources of current at 50 kHz and higher 
for the antenna resonant circuit. Known today as constant- 
flux inductor alternators (see Sec. 20-4, “b” and “d”), they 
remained in this capacity for a long time (until about the 
1920s), although already in 1901 Guy had proposed his 
toothed-stator inductor alternator, now more commonly 
known as the pulsating tooth-flux inductor generator 
(see Sec. 20-4, “c” and “e”). 

For the generation of frequencies at the values given 
above the heteropolar armature winding of cylindrical-rotor 
inductor alternators was made with a minimum attainable 
number of pole pairs, and their rotor was made to spin 
at the maximum permissible speed (as high as 20 000 rpm). 
The difficulties in the manufacture of inductor alternators 
for such frequencies were circumvented by the pulsating 
tooth-flux inductor alternator where the desired high fre- 
quency is obtained owing to an increased number of rotor 
and stator teeth. 

At present, inductor alternators are no longer used in 
radio engineering where other sources of high-frequency 
supply have been found. Instead, they are widely used in 
a multiplicity of industrial processes such as induction 
melting, induction welding and brazing, induction heat 
treatment, induction drying, and so on, which need power 
sources operating at 41 000 to 10 000 Hz. Among their other 
uses are high-speed drives and radar. 

Inductor-type synchronous motors. Although they do not 
differ from inductor-type synchronous generators in con- 
struction and operation, they found practical application 
much later and did not see a growing interest until the 
1960-70s. 

In an inductor-type synchronous motor, the synchronous 
speed at a given supply frequency, f, is solely a function 
of Z = Z,, the number of rotor teeth, 
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With a sufficiently large number of rotor teeth, very low 
synchronous speeds can be obtained. For example, at f = 
= 50 Hz and Z, = 100, 


n = 0.5 rps = 30 rpm 


If the number of rotor teeth is limited and the heteropolar 
armature winding can be made with a number of pole pairs 
close to that of rotor teeth, two modifications of the smooth 
stator core design can be ‘used, namely 

(1) with heteropolar (or radial) excitation (see Sec. 20-4, 
“ob”, Fig. 20-6); 

(2) with homopolar (or axial) excitation (see Sec. 20-4, 
“a”, Fig. 20-8) 

If the rotor has so many teeth that a smooth stator design 
is out of the question, resort can be made to a toothed stator 
in any one of the two modifications discussed above, namely: 

(4) with heteropolar (radial) excitation (see Fig. 63-7 
and also Sec. 20-4, “c”, and Fig. 20-7); 

(2) with homopolar (axial) excitation (see Fig. 63-8, 
Sec. 20-4, “e”, and Fig. 20-9). 

The field motor draws its power from an a.c. supply line 
via a rectifier. In self-excited motors, the field winding is 
energized from the armature winding by transformer action. 
In this arrangement, the field circuit is closed through a rec- 
tifier, and transformer coupling is provided by using the 
heteropolar arrangement with a pole ratio, p,/p,, equal to 
an odd number. With both heteropolar and homopolar 
excitation, the excitation field can be produced by suitably 
magnetized permanent magnets. The armature winding 
can be single-, two-, or three-phase. Starting is by direct 
connection to the line. 

In addition to a main (or run) winding, single-phase induc- 
tor-type motors have an auxiliary (or starting) winding con- 
nected to the supply line via a capacitor. To facilitate 
starting in which the currents interact with the armature 
field rotating at Q, = 2nf/p, which is many times the rated 
synchronous velocity of the motor, Q = 2nf/Z,. The vari- 
ables of the short-circuited winding must be matched so that 
the starting torque exceeds the load (external) torque, but 
is smaller than the maximum synchronous (or pull-out) 
torque. If this requirement is not met, the rotor may “skip” 
the rated rotational speed. If the moment of inertia of the 
rotor is not very high, and the synchronous speed is suffi- 
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ciently low, the motor can be started even without a short- 
circuited auxiliary winding, solely owing to synchronous 
torque. In the circumstances, the rotor has time to come up 
to synchronous speed and pull into synchronism during 
a half-cycle of the synchronous torque, when its direction 
remains constant. 

Inductor-type reluctance motors. In contrast to conven- 
tional reluctance motors, inductor-type reluctance units 
are nonexcited single- or three-phase synchronous motors 
with a number of rotor teeth in excess of the number of 
poles on the armature winding, that is 

Z> 2p, 
In a conventional reluctance synchronous machine, Z = 2p 
(see Sec. 63-2 and also Sec. 20-3). 

This type of machine with one winding and toothed stator 
and rotor cores is described in Sec. 20-3. The stator must 
always be salient, and the number of stator tooth pitches 
along the gap circle, Z,;, must be either the same as the 
number of rotor teeth, Z, (see Fig. 20-2), or differ from it 
by the number of armature poles, Z, — Z, = 2p, (see 
Fig. 20-3). 

In a reluctance synchronous machine, the armature induct- 
ance alternates at 


o = anf = ZQ 


On the other hand, as is shown in Sec. 21-1, for electro- 
mechanical energy conversion it is essential that the arma- 
ture winding be connected to a line with o, = 2nf, = o/2. 
Hence, in synchronous operation a reluctance motor is 
running at 


which is twice the speed of an inductor motor having the 
same number of teeth on the rotor. 


63-5 _—_—Rolling-Rotor and Flexible Wave-Roftor 
Mofors 


Like the motors described in the previous section, these 
motors serve to produce low rotational speeds. Instead of 
electromagnetic effects, however, they do so with the aid 
of mechanical speed reduction. 
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Rolling-rotor motors. Proposed by Moskvitin in 1944, 
it differs from all other motors in two respects. Firstly, the 
rotor core has neither a winding nor any projections or 
notches on its surface. Secondly, a rotating field causes 
the rotor to roll on guides so that it remains eccentrically 
positioned inside the stator. 

The construction of a rolling-rotor motor is shown in 
Fig. 63-9. Its stator carries two windings, namely a hetero- 
polar armature winding, 7, and a homopolar field winding, 2. 
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Fig. 63-9 Rolling-rotor motor (pj = 1, m, = 2) 


Figure 63-9 shows a two-phase armature winding, but it 
can be made three- or poly-phase as well. In any case, 
however, it must be a two-pole winding (p, = 1). The field 
winding consists of two symmetrically disposed coils encircl- 
ing the shaft. The two-pole field set up by the armature 
winding has its path in the main stator (3) and rotor (4) 
cores. The two cores are smooth and built up of electrical- 
sheet steel laminations. The openings of the stator slots 
are so small that the effect of stator saliency on the perform- 
ance of the motor may be neglected. 

The paths for the excitation flux are provided by auxi- 
liary stator (5) and rotor (7) cores which are likewise cylin- 
drical and built up of electrical-sheet steel laminations. 
Thus, the magnetic circuit for the excitation flux has the 
following parts; the main gap, core 3, stator frame 6, cored, 
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auxiliary gap, core 7, shaft 8, and core 4. The rotor shaft 
mounts rollers 70. When driven by the rotating field, the 
rollers carry the rotor on cylindrical guides 9. 

The diameters of the rollers and guides, D, and Dg, are 
chosen so as to produce a sufficiently large gap eccentricity 


@ = (6max — Smin)/2 = dmax — 8 


and so that the rotor core does not touch the stator core. 
That is, Smin > Ssaree Here, Smax, Smin, 5 and Sgare are 
the maximum, minimum, average (mean) and safe radial 
gap lengths, respectively. As is easily seen, the above re- 
quirement is satisfied when D, — D, = 2e. 

The rollers and guides are made either toothed or smooth, 
of special wear-resistance materials having a sufficiently 
high coefficient of friction. 

A rolling-rotor motor is started by exciting the field 
winding with a direct current i, and by connecting its 
armature winding to a supply line at /,;. When excited, the 
field winding sets up a unipolar field in the gap, and the 
armature winding establishes a two-pole rotating field 
which travels at 2, = o, = 2njf,. Because within one pole 
pitch the two field are combined, 


B= BL+ B; 
and -within the other they are subtracted, 
BY = Bi — BY 


the rotor is attracted towards the pole pitch with the larger 
rms flux density, Bims > Brms. Figure 63-9 shows the 
position that the rotor takes up at ij, = J,m and i,z = 0, 
when the axis of the rotating armature field is aligned with 
the axis of phase A,. The gap is a minimum, 6yjn, on axis 
A,,.and a maximum at the diametrically opposite point, 
Omax. AS a result, the force of magnetic attraction pro- 
portional to (Bims)* — (Bims)? holds the rollers down to 
the guides. In travelling, the field tends to pull the rotor 
along. Since, however, the force of sliding friction exceeds 
the force of rolling friction, the rotor is moving down the 
guides on the rollers. After a time 7,, which is the period 
of change of current, the field axis turns through an angle 
2n counter-clockwise, where it is again aligned with axis 
A,, the point on. rotor 4 that was originally on axis A, 
will have turned through an angle yz to take up the position 
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marked by a dashed line. The angle yz is the difference be- 
tween the angles through which the minimum-gap point 
moves on the surface of the rotor and stator, respectively, 


that is, 
vz = (D,/D,) 2n — 20 


As a result, the rotor turns at a speed which is a small 
fraction of the field velocity (and in the opposite direction). 
As the rollers travel on the guides, they reduce the angular 
velocity of the rotor mechanically by a factor of D,/(D,—D,) 
in comparison with the field velocity 


Q=y2/T, = 85" Q, 


The torque of a rolling-rotor motor can be found in an 
easier way, if we observe that electromagnetically it is 
in effect an inductor-type synchronous motor with a smooth 
stator and homopolar (axial) excitation (see Sec. 20-4, “b”, 
Fig. 20-6). 

On this assumption and with a two-pole armature winding 
(p, = 1), the rotor would have only one tooth, because 
according to Eq. (20-12), 


4,=pP,=1 


and its eccentrically displaced cylindrical rotor would, 
as regards the permeance distribution, be analogous to 
a single-tooth rotor. If the cylindrical rotor were eccentri- 
cally mounted on the shaft carried by bearings, it would 
rotate at 


Q = anf,/Z;, => anf, => QQ) 


Mechanical speed reduction brings it down to the value given 
above. Therefore, assuming fixed currents in the winding, 
the torque of a rolling-rotor motor can be expressed, as for 
any electromechanical device, in terms of the change in 
magnetic-field energy, dW, due to rolling through an angle 
dy, that is, 


Tem = AW/dy 
Noting that 
Dg—D, 
Ve op. A 


where y is the angle through which the rotor rolls and y, 
is the angle through which the rotor moves in simple rota- 
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tion, it is seenthat the rolling torque 7. exceeds the torque 
Lem,1 a dW/dy, 


developed when an eccentric rotor is carried by bearings 
by a factor of D,/(D, — D,), that is 


Tem = [D,/(D,—D,)] Tem, 1 


The ratio D,/(D, —D,), called the mechanical speed 
reduction ratio, can be as high as 100 or even more. Owing 
to this, rolling-rotor motors can give very low rotational 
speeds—from several rpm to tens of rpm, and large torques. 

A major disadvantage of rolling-rotor motors is that 
the centre of gravity of the rotor, O,, moves round a circle 
with a radius O,0, at a very high angular velocity, Q,. 
This circular motion of the centre of gravity necessitates 
the use of suitably designed couplings to transmit rotation 
from the rotor to the output shaft, and also leads to vibra- 
tion and noise in operation. 

Flexible wave-rotor motors. Their distinction is that 
their hollow, thin-walled rotor, 4, made of a ferromagnetic 
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Fig. 63-10 Flexible wave-rotor machine (p, = 1, m, = 2) 


material, can be deformed by forces of magnetic attraction 
(Fig. 63-10). Attracted to the stator at points where the 
flux density of the rotating field is a maximum, the rotor 
is shaped into a polygon with rounded apexes acting as 
rotor teeth whose number, Z,, is the same as that of field 
poles, 2p,. With a two-pole field, 2p, = 2, as in Fig. 63-10, 
the rotor takes the shape of an ellipse with two high points 
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or “teeth”, Z, = 2, where the radial gap length isa minimum, 
and two low points, or “slots” at the centre of which the 
radial gap length is a maximum. The deformation of the 
rotor is limited by cylindrical guides, 2, which support 
the rotor directly (as in Fig. 63-10) or via flexible rollers. 
To avoid slippage, the contacting surfaces of the rotor rollers 
and guides should preferably be made toothed. Alternatively 
the guides can be placed externally to the rotor rollers, 
as in the rolling-rotor motor in Fig. 63-9. The value of D, 
for the undeformed rotor and that of D, are chosen such that 


D,— Dg = Smax = Sin 


The stator core, 3, is cylindrical, and its slots hold a two 
(or three)-phase winding (usually with two poles), 7, which 
is energized from an a.c. line at f,. 

Figure 63-10 shows the position of the rotor at t,4 = [ymax 
and i,3 = 0, when the flux density of the rotating field is 
a maximum on the axis of phase A and at the diametrically 
opposite point. The force of magnetic attraction holds the 
deformed rotor against the guides at two points lying in 
zones with a maximum radial gap length. In moving, the 
field pulls along at the field velocity both the wave of de- 
formation and the points of contact between the flexible 
rotor and guides. As the rotor rollers move on the guides, 
they reduce the angular velocity of the flexible rotor by 
a factor of D,/(D, — D,) in comparison with the field velo- 
city, 

Q=y/T, =e Q, 

g 
where 
— Dr—Dg 

Vz Dg 2m 
is the angle through which the rotor turns over a period 
of change, 7,, of current. When D, > D,, the rotor will 
rotate with the field; when D, < Dg, it will rotate against 
the field. 

In determining the torque of a wave-rotor motor, it should 
be remembered that, electromagnetically,"it is in effect 
a reluctance synchronous motor (see Sec. 63-2). On this 
assumption, the deformed rotor has'*the same number of 
‘teeth’, Z, = 2p,, as a salient-pole rotor. If the deformed 
rotor were able to rotate at the field velocity, the electro- 
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magnetic torque, Tem,1, acting on it, could be found from 
Eq. (58-16), on putting e = 0. Owing to mechanical speed 
reduction, the actual speed is brought down by a factor of 
D,/(D,; — Dg), and the actual torque is increased in the 
same proportion to the value given by 


Tem = (1/Xq — AIX) sin 20 
1 


Dg 
‘Dp— Dg 
where V is the phase voltage, Xqg is the d-axis reactance, 
X, is the q-axis reactance, and 0 is the angle between the 
field axis and the axis of the deformed rotor (the power or 
torque angle). 

As compared with the rolling rotor, the flexible wave 
rotor offers two unquestionable advantages: it has a low 
moment of inertia and a stationary centre of gravity, so 
that its operation does not produce vibration or noise. 


63-6 | Permanent-Magnef Synchronous Machines 


In this type of synchronous machines, the excitation field 
constant in direction is set up by permanent magnets. 
Therefore, there is no need for an exciter and there are no 
losses associated with excitation and the sliding contact. 
As a result, permanent-magnet synchronous machines 
have a better efficiency and reliability than conventional 
synchronous machines where damage to the rotating field 
structure and the brush system is a frequent occurrence. 
Also, they need practically no maintenance throughout their 
service life. 

Permanent magnets can replace the field winding in both 
general-purpose polyphase synchronous machines and all 
special-purpose machines (single-phase, claw-pole, and in- 
ductor-type units). 

Naturally, the field structure of permanent-magnet syn- 
chronous machine differs in construction from that of con- 
ventional designs. The counterpart of the rotor of a con- 
ventional nonsalient-pole machine is a ring-shaped non- 
salient magnet magnetized in a radial direction (Fig. 63-110). 
The counterpart of the rotor of a salient-pole synchronous 
machine is a star-shaped magnet as in Fig. 63-14a, where 
the magnet, 7, is made fast to a shaft, 3, by means of a 
cast-aluminium hub, 2. 
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Fig. 63-11 Permanent-magnet field structures for inductor-type ma- 
chines: (a) star-type magnet without pole-pieces; (b) four-pole cylin- 
drical magnet 





Fig. 63-12 Permanent-magnet-excited claw-pole rotor: 7—ring-shaped 
permanent magnet; 2—S-pole disc; 3—N-pole disc 





Fig. 63-13 Heteropolar inductor-type generator using permanent- 
magnet excitation: 
AW—armature winding; P//—permanent magnet 
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In a claw-pole machine (Fig. 63-12), a ring-shaped mag- 
net magnetized in an axial direction serves as a ring-shaped 
field winding (compare with Fig. 63-4). In the heteropolar 
inductor machine shown in Fig. 63-7, electromagnetic 
excitation can be replaced by permanent magnets as shown 
in Fig. 63-13 (instead of three minor teeth in each zone, 
I through JV, as in Fig. 63-7, this design has only one). 
The homopolar machine of Fig. 63-8 likewise can have a per- 
manent-magnet counterpart. In this case, the permanent 
magnet can be made in the form of an axially magnetized 
ring inserted between the frame and end-shield. 

The electromagnetic processes taking place in permanent- 
magnet synchronous machines may well be described by the 
theory of electromagnetically excited synchronous machines. 
Before it can be applied, however, it is necessary to deter- 
mine the no-load emf E; or the excitation ratio e = E;/V 
from the demagnetization curve of the permanent magnet, 
and to calculate X,q and Xqq with allowance for the reluct- 
ance of the magnet, which may be so large that Xqa< Xaq. 

Permanent-magnet synchronous machines were invented 
in the early days of electrical engineering. However, they 
did not come into wide use until quite recently following 
the advent of better materials for permanent magnets (such 
as Magnico, and samarium- and cobalt-base alloys). Within 
a certain power and rpm range, permanent-magnet synchro- 
nous machines can now compete with electromagnetically 
excited synchronous machines as regards size, weight, power 
output, and torque. 

High-speed permanent-magnet synchronous generators 
with ratings of tens of kilowatts are widely used as power 
supplied on aircraft. Low-power permanent-magnet synchro- 
nous generators and motors are mainly used on aircraft, 
automobiles and tractors where reliability is of paramount 
importance. Fractional-hp permanent-magnet machines have 
found a very broad field of application in many industries. 
As compared with reluctance machines, they have a more 
stable rpm, and better performance in terms of power output 
and torque. Unfortunately, they are more expensive to make 
and have a poorer starting performance. 

Permanent-magnet, fractional-hp synchronous motors can 
be self-starting and induction-started. 

Self-starting permanent-magnet fractional-hp motors serve 
as drives in clocks, relays, timing devices, and the like. 
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For ease of starting, they usually have more than eight 
pole pairs and are energized from a single-phase supply at 
commercial (power) frequency. 

Such motors are started by the synchronous torque that 
is developed by the interaction of a pulsating field with 
the permanent magnets of the rotor. For the start to be 
successful and in the desired direction, such machines are 
fitted with suitable mechanical devices that permit the 
rotor to turn in one direction only and decouple it from 
the shaft during synchronization. 

Induction-started fractional-hp permanent-magnet syn- 
chronous motors come in two modifications namely with 
a radial permanent magnet and short-circuited auxiliary 
(starting) winding, and with an axial permanent magnet 
and auxiliary winding. As regards the stator construction, 
they do not differ from electromagnetically excited machines. 
In either case, the stator winding has two or three phases. 

In motors with a radial permanent magnet and auxiliary 
winding, the latter is arranged in the slots of the laminated 
pole-pieces of the permanent magnets. The leakage fluxes 
between the pole-pieces of adjacent poles are kept to an 
acceptable value by nonmagnetic gaps. Sometimes, the pole- 
pieces are interconnected by saturable jumpers into an 
integral ring-shaped core to make the rotor more robust 
mechanically. 

In motors with an axial permanent magnet and auxiliary 
winding, some of the active length is taken up by the per- 
manent magnet, and the remainder is occupied by the la- 
minated auxiliary-winding core located next to the magnet. 
Both are mounted on the same shaft. Because at starting 
permanent-magnet motors are excited, their starting per- 
formance is inferior to conventional synchronous motors 
where the excitation is removed. The point is that, at 
starting, the positive induction torque produced by the 
interaction of the rotating field with the currents induced 
in the auxiliary winding co-exists with the negative induc- 
tion torque due to the interaction of the permanent magnets 
with the currents induced in the stator winding by the per- 
manent field. 
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63-7 Hysteresis Motors 


In this type of motor, the excitation field is produced by 
the residual magnetization of the rotor core made of a mag- 
netically hard material. In contrast to permanent-magnet 
synchronous machines whose rotor is pre-magnetized prior 
to assembly, the rotor of hysteresis machines is magnetized 
by the rotating field of the armature winding at starting. 





Fig. 63-14 Hysteresis motor: 


i—stator core; 2—rotor core made of a magnetically hard material (Vicalloy); 
ae ee stator winding; 4—magnetically soft huh; 5—gap between stator 
and rotor 


A sectional view of a hysteresis motor is shown in 
Fig. 63-14. The stator is the same as in a conventional 
synchronous or an induction machine. The stator slots carry 
a polyphase (three- or two-phase) armature winding energiz- 
ed from a supply line at V,, and f. The rotor core mounted 
on a cylindrical hub is built up of rings with a radial thick- 
ness A. The rings are made of a magnetically hard material 
(most frequently, Vicalloy), whereas the hub may be made 
of a magnetically soft or nonmagnetic material. 

Figure 63-14 shows a hysteresis motor in which the hub 
is made of a magnetically soft material having a substanti- 
ally higher permeability than the rotor core. As is seen, 
the thickness A of the rotor core is small in comparison 
with the radius of the hub. As follows from the field pat- 
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tern shown in the figure, the lines of flux in the core and 
in the gap are directed radially, and the flux density B 
does not differ from the gap flux density. 

Consider the magnetization of the rotor core rotating 
at Q which is smaller than Q,, the angular velocity of the 
stator mmf, F,,, that is, with a slip given by 


s = (Q, — Q)/Q, > 0 
The rotating stator mmf 
Pym = (m, V 2/m) Iw kw,/p 


magnetizes the parts of the magnetic circuit cyclically in 
a sinusoidal manner. This gives rise to a field such that 


the sum of the partial mmfs balances F,, 


Fim = Fom + Fin 
where 


Fom = cBym y Bym5/t1o 


is the peak value of mmf existing in all the parts of the 
magnetic circuit where the hysteresis effect may be neglect- 


ed, except the rotor core proper. Fn is the peak value of 


mmf within the rotor core, equal to H,,A. 

Suppose that an element of the rotor core is cyclically 
magnetized in a sinusoidal manner at the slip frequency 
sw,. Then the magnetic field intensity in that element 
will vary likewise sinusoidally, 


H = Z,, sin (s@,) t 


The flux density in the element under consideration varies 
periodically by tracing out the hysteresis loop corresponding 
to the peak field intensity, H,,. From knowledge of H, 
at each instant of time, ¢, we can readily determine B = f (é) 
(Fig. 63-15). As is seen, the flux density varies with time 
nonsinusoidally. Applying a Fourier expansion, we can 
isolate the fundamental component (varying at the slip 
frequency s@,) and determine its peak value, B,,,, and the 
phase shift a relative to H,,. Then, we can calculate the 
mutual flux 


,, = Q1t Ba m/'t 
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its linkage with the stator winding 


Viom = Wyky, On 
the mutual emf of the stator 
Ey, = — joV son! V2 
and the stator voltage, 
V, = Vis = Ey — jXoly 

A phasor-vector diagram of a hysteresis motor, construct- 
ed in accord with the above equations and the mmf equa- 
tions, is shown in Fig. 63-14. 

The electromagnetic torque developed by a_ hysteresis 
motor can be found from the general equation for the elec- 
tromagnetic torque of an a.c. machine (29-4). It is more 
convenient to find the torque acting on the stator (it is 
equal to the torque acting on the rotor, but is acting in the 
opposite direction): 


Tem = (myp/ V 2) Prom! 1 Sin 49 
On expressing V,,m in terms of @,, and /, in terms of 
Fim we get: 
Tem = (p?x/2) Dy, Fym Sin cy 9 
As is seen from the phasor-vector diagram, however, 
Fim Sin G1) = Fm sina = H,,A sina 


Also, the mutual flux is expressed in terms of B,, and the 
dimensions of the rotor core proper. Therefore, finally, 


Tem = (p/2x) VW 


where V = 2ptlA is the volume of the rotor core proper, 
W,, = 1BimHm sina is the specific hysteresis loss dissi- 
pated per cycle per unit volume, and t = nR/p is the pole 
pitch. 

This, on the assumptions made, the electromagnetic torque 
of a hysteresis machine is independent of slip and is pro- 
portional to the hysteresis loss per cycle of magnetization. 
(The area of the ellipse corresponding to cyclic magnetiza- 
tion at the fundamental A and B is always equal to the area 
of the hysteresis loop, see Fig. 63-15.) 
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At starting, a hysteresis motor develops the same electro- 
magnetic torque, whatever the slip, s> 0. If this torque 
exceeds the load (retarding) torque even by a small amount, 
the motor will come up to synchronous speed. At synchronous 
speed, it can develop the same maximum torque at an angle 
a between H,, and By. Now, however, it will be running 
aS a permanent-magnet synchronous motor, because its 
rotor is no longer subjected to cyclic magnetization, and 





Fig. 63-15 Cyclic magnetization of the rotor core in a hysteresis motor 


no hysteresis effect takes place. Should the load torque go 
down, the machine will keep running under synchronous 
conditions, but the angle between the primary current and 
the flux linkage will decrease. At T., = 0, it is equal to 
zero. Should the load torque change sign, the machine will 
keep running under synchronous conditions, but it will 
now be operating as a motor. Finally, should the load torque 
exceed the maximum electromagnetic torque and act in 
the direction of rotation, the machine will drop out of 
synchronism and begin rotating at a speed exceeding syn- 
chronous. Now, it will be delivering energy to the system. 

Hysteresis motors of low power ratings (a few tens of 
watts) are widely used in various fields. They are especially 
advantageous in cases where they are used to drive bodies 
having high moments of inertia (such as gyroscopes). 

Most frequently, hysteresis motors are made with a rotor 
hub fabricated from a nonmagnetic material. Then the rotor 
core proper acts as a yoke, and the flux in it is predominantly 
tangential. In other respects, a hysteresis motor with a non- 
magnetic rotor hub behaves in the same manner as explained 
above and obeys all the relevant relations. 


29% 
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63-8 Stepper Motors 


These motors are important in automatic control systems, 
computers, numerically controlled machine-tools, and other 
position-control applications. Instead of a continuous rota- 
tion, their rotors move in steps in response to control pulses. 
Thus, over a rotor-slot pitch, the rotor can take up several 
stable positions. 





Fig. 63-16 Explaining operation of a four-phase stepper motor 


Figure 63-16 shows the simplest 6-phase, 2-pole reluctance 
stepper motor. Its phase coils are divided into three groups 
(Z and 4, 2 and 5, 3 and 6). In each group, the phase coils 
are connected in _ parallel 
opposition. Therefore, when 
a positive pulse is applied to 
one of the phases in a group, 
a negative pulse is applied at 
the same time to the other 
phase in that group. When 
phase J is excited, the salient- 
pole rotor takes up the posi- 
tion shown in Fig. 63-16a. If, 
£ with phase J still excited, 
voltage is applied to phase 2, 

Fig. 63-17 Commutation se- the rotor will move to the 

quence in the stepper motor of position shown in Fig. 63-16 ¢, 

Fig. 63-16 that is, through a step a, = 

u/6. Upon removal of volt- 
age from phase 7, the rotor will move by an angle of 1/6 
once more, thereby advancing another step (c), and So on. 

If we apply control pulses in the sequence shown in 
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Fig. 63-17, the rotor will move counter-clockwise by an 
angle a = Na,, proportional to the number WN of control 
pulses. If we apply control pulses in a reversed sequence, 
the rotor will move clockwise. 

Control pulses of an appropriate waveform and frequency 
are generated by electronic (tube-type or semiconductor) 
switching circuits. They are steered by a control circuit 
which also locks the rotor in position between pulses. 

The performance of a stepper motor is described in terms 
of its step size, torque-angle characteristic, and maximum 
pulse repetition frequency sufficient for all transients to 
die out between steps. The starting performance of a stepper 
motor is characterized in terms of the pull-in frequency, 
that is, the maximum pulse repetition frequency at which 
the motor can still be started without missing some steps 
(that is, without falling out of synchronism). Depending 
on type of motor, this frequency may extend from 10 to 
10 000 Hz. 

A stepper motor can be based on any one of known modi- 
fications of the synchronous motor. The best choice is 
offerred by polyphase, multiple-pole reluctance synchronous 
motors, reluctance inductor-type synchronous motor, and 
polyphase inductor-type motors. 

For better control accuracy, the step size is usually kept 
to a minimum. This is achieved by increasing the number 
of phases and poles, and also the number of rotor teeth 
in the case of inductor-type motors. According to the desired 
level of accuracy, the step size can range from 180° to 1° 
or even less. 


63-9 Doubly-Fed Synchronous Machines 


Doubly-fed synchronous motors. In construction, they are 
similar to a wound-rotor induction machine. The stator and 
rotor carry each a three-phase winding, 7 and 2, with the 
same effective turns. The two windings are connected in 
parallel (or in series) to a common a.c. supply line operating 
at V, and f, (Fig. 63-18). Therefore, they carry equal cur- 
rents, J, and J,. As has been shown in Sec. 24-1, this type 
of machine will be capable of energy conversion, if its rotor 
is spinning at an electrical angular velocity 


© = 0; + 0 = 0, + O, = 20, 


454 Part Five. Synchronous Machines 


or a mechanical angular velocity 
Q = o/p = 20,/p = 2Q,, 


that is, at twice the mechanical angular velocity as com- 
pared with a conventional synchronous machine having the 
same number of pole pairs, p. 
To meet this requirement, 
the stator winding, 7, must 
be connected to a positive-se- 
quence supply, and the rotor 
winding, 2, to a negative- 
sequence supply. Then, /,,, 
will rotate at , in the posi- 
tive direction, and F,,, will do 
so in the opposite direction, 
and they will move in synch- 
ronism, if the rotor is travell- 
she ing at 2Q, in the positive di- 
‘ifs rection. 
Peace tele od As a result of the interac- 
Mig: Rae : Ses " foely tion between the synchronously 
y rotating stator and _ rotor 
fields set up by Fy and Fam, 
the rotor is acted upon by an electromagnetic torque, Tem, 
which can be found by the same equation as for induction or 
conventional synchronous machines (see Sec. 29-2). Nume- 
rically, this torque is equal to the torque acting on the stator, 


Lem = (m4p/ V 2) Vom! s sin (2/2) 


Here, Wj), is the flux linkage of the mutual field with 
the stator winding, J, is the stator current, and a@/2 is a half 


of the angle between Fam and F om, or the angle between 


Wiom and J, (see Fig. 63-19). 

The electromagnetic torque balances the load torque 
applied to the shaft, thereby keeping the rotor at syn- 
chronous speed. A change in the load torque brings about 
a change only in the angle ~. In the motor mode of opera- 


tion, Fm leads Fm, s0 @ >>O and Tem > 0. In the generator 
mode of operation, the situation is reversed, so a <0 
and Tem < 0. 

Neglecting losses, the active power of the motor, equally 
shared between the stator and rotor windings, can e written 
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in two ways, namely: 
P = 2m, V,I, cos P = TemQ = 2m, Lj ol, sin (a/2) (63-4) 


where _ 
Ey= oP som/ V 2 


is the emf induced by the resultant mutual field. 





Fig. 63-19 Phasor-vector diagram of a doubly excited synchronous 
motor 


A phasor-vector diagram for a doubly-fed motor is shown 
in Fig. 63-19. As is seen, 


I) = 21, cos (a/2) (63-2) 
Also, if we neglect leakage and put X,, = 0, then 
Ey,=V 
gp = n/2 — a/2 
and 
Ty = ExgiXq = VilXo (63-3) 


where X, is the mutual reactance. 

On simplifying as above and using Eqs. (63-1) through 
(63-3), the active power and torque can be written in terms 
of the angle a as 


P = TemQ = (m,V2/X 4) tan (a/2) 


Doubly-fed motors are used on a limited scale, and then 
in special-purpose applications only. At starting, they have 
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to be brought up to synchronous speed by an auxiliary (servo) 
motor, which is a decisive limitation. Also, doubly-fed 
motors tend to hunting, because the damping torque appear- 
ing upon a departure from synchronous rotation is too small 
(see Sec. 60-1). 

Synchronous induction machine. This machine (also known 
as the auto-synchronous motor) is similar to an induction 
motor with a wound secondary. 

It has a two-phase rotor (field) winding excited with 
a.c. at f, from a thyristor frequency converter. Its stator 
does not differ from the conventional design and is con- 
nected to a supply at f,. In a way, a synchronous induction 
machine may be looked upon as a doubly-fed machine in 
which the stator and rotor are energized with currents dif- 
fering in frequency, f, f/f, (ordinarily, f, < j,). 

In this type of machine, energy conversion will take place 
only if 

O, = 0, — © = 80, 
or ” 
Q, = Q, — Q = sQ, 


This condition can be satisfied both when the rotor is tra- 
velling at synchronous speed, 2, = 2, and at synchronous 
speed, with some slip, 


s= (Q, = Q)/Q, 
At synchronous speed, the rotor phases are excited with d.c.: 
Q, = Q —-2=0 


At asynchronous speed, the rotor phases are excited with 
a.c. at the slip frequency, f, = sf,, shifted in time phase 
by 1/2. As a result, the excitation field is rotating relative 
to the rotor at the desired angular velocity, 2, = sQ,. 

The frequency of field current, f/,, is controlled conti- 
nuously and automatically in such a way that the stator field 
and the rotor field are travelling at a constant velocity 
such that 


Q,= 24 Q, 


and produce an electromagnetic torque which maintains 
synchronous rotation. 

A synchronous induction machine can be used as a gene- 
rator and aS a motor. 
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To minimize the active power drawn by the frequency 
converter 
P, = ST emQ 
variations in the slip and the frequency of field current are 
usually held within very narrow limits: 
s=+0.01, f, =0 to 0.5 Hz 


Even with this tight tolerance on likely departures from 
synchronous speed, synchronous induction machines stand 





Fig. 63-20 Variable-ratio connection giving “flexible tie” between 
two electric systems 


up to abnormal and fault conditions (such as short-circuits 
in the system, hunting provoked by load shedding, and the 
like) and retains stability far better than conventional 
synchronous machine. In this lies their most valuable advant- 
age. Unfortunately, synchronous induction machines are 
more expensive to make and operate, so they are only 
warranted in large installations where their advantage is 
decisive. 

Recently, synchronous induction machines have come to 
be used as a “flexible tie” (known as the variable-ratio 
connection) between two electrical systems slightly differing 
in frequency (f, — f, <0.5%-1%). The need for a “flexible 
tie” arises when the interconnected systems belong to dif- 
ferent owners (states or utilities, as the case may be), and 
the power exchanged between them ought not to depend 
on the operating conditions of either system. 

The arrangement ordinarily used for a flexible tie is 
shown in Fig. 63-20. As is seen, it uses two machines with 
the same number of pole pairs. One is a conventional syn- 
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chronous machine, S. The other is a synchronous induction 
machine, S’. Their rotors are coupled by a common shaft. 
The stator of S is connected to a system operating at f,, 
and the stator of S’ to a system operating at f,. The rotor 
of S is excited with direct current J, from an excitation 
system, ES. The two-phase rotor winding of S’ is excited 
with alternating current J, at f, from a static frequency 
converter. 

For unidirectional energy conversion, the static frequency 
converter maintains the field current at a constant frequency 

oo R= sh 

where s’ ='(f, — f,)/f,. The magnitude and direction of 
power transfer;is controlled by ‘varying the phase of J; 
and the angle « between the stator and rotor mmfs, F',, 
and F}m, rotating in synchronism in the synchronous induc- 
tion machine. If Fj,, lags behind |, the synchronous 
induction machine will operate as a motor, and the syn- 
chronous machine as a generator. As.a result, power will be 
transferred from the:system at f, to the system at jf, (the 
direction of power transfer is shown by full arrows). If 
Fin leads F\,,, power will be transferred the other way around 
(the direction of power transfer in this case is shown by 
dashed arrows). 
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